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JIRAYUT SUEBSUK : DEVELOPMENT OF MODIFIED STRUCTURED
CAM CLAY MODEL AND FINITE ELEMENT IMPLEMENTATION.

THESIS ADVISOR : PROF. SUKSUN HORPIBULSUK, Ph.D., 224 PP.

CONSTITUTIVE EQUATION/STRUCTURED CLAY/PLASTICITY/
CRITICAL STATE MODEL/SOIL STRUCTURE/DESTRUCTURING/BOUNDING

SURFACE THEORY/FINITE ELEMENT ANALYSIS

With the advances in the calculation by a numerical method and computer
hardware, it becomes more common to predict the response of geotechnical material
using a constitutive model in numerical analysis. The constitutive models for
structured clay have been developed in this research. The thesis is composed of three
consecutive parts. First part presents a generalised constitutive model for destructured,
naturally structured and artificially structured clays that extends the Structured Cam
Clay (SCC) model. This model is designated as “Modified Structured Cam Clay
(MSCC) model”. The influence of structure and destructuring on the mechanical
behaviour of clay can be explained by the change in the modified effective stress,
which is the sum of the current mean effective stress and the additional mean effective
stress due to structure (structure strength). The presence of structure increases the
modified mean effective stress and yield surface, enhancing the cohesion, peak
strength and stiffness. The destructuring begins when the stress state is on the virgin
yield surface. After the failure (peak strength) state, the abrupt destructuring occurs as
the soil-cementation structure is crushed; hence the strain softening. The soil structure

is completely removed at the critical state when the yield surface becomes identical to



the destructured surface. The destructuring law is proposed based on this premise. In
the MSCC model, the yield function is the same shape as that of the Modified Cam
Clay (MCC) model. A plastic potential is introduced so as to account for the influence
of structure on the plastic strain direction for both hardening and softening behaviours.
The required model parameters are divided into those describing destructured
properties and those describing structured properties. All the parameters have physical
meaning and can be simply determined from the conventional triaxial tests.

Second part presents a generalised critical state model with the bounding
surface theory for simulating the stress-strain behaviour of overconsolidated structured
clays. The model is formulated based on the framework of the Structured Cam Clay
(SCC) model and is designated as the Modified Structured Cam Clay with Bounding
Surface Theory (MSCC-B) model. The hardening and destructuring processes for
structured clays in the overconsolidated state can be described by the proposed model.
The image stress point defined by the radial mapping technique is used to determine
the plastic hardening modulus, which varies along loading paths. A new proposed
parameter h, which depends on the material characteristics, is introduced into the
plastic hardening modulus equation to take the soil behaviour into account in the
overconsolidated state. The MSCC-B model is evaluated in light of the model
performance by comparisons with the measured data of both naturally and artificially
structured clays under isotropic compression and compression shearing tests. From the
comparisons, it is found that the MSCC-B model gives an excellent prediction of
mechanical response in both drained and undrained conditions.

Last part presents the study of the inhomogeneous stress-strain-strength

behaviour influenced by the structure strength by using the finite element analysis



Vi

with the MSCC model. The MSCC model formulated with a continuum Jacobian has
been coded into the commercial finite element program, ABAQUS by the user
subroutine, UMAT. The generalised MSCC model has been used to study a triaxial
compression test of artificially structured clay specimens with various cement contents
under drained and undrained conditions by a couple hydro-mechanic finite element
analysis. The influence of structural properties on the inhomogeneity is studied. The
local stress and strain of the artificially structured specimens is compared with those
of the destructured specimen under various isotropic yield stress ratio (YSRiso). The
key aspects of finite element simulation of artificially structured clay are summarised

and discussed.
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CHAPTER I

INTRODUCTION

1.1 Background

There are myriad problems associated with the engineering construction in soft
clay deposits of the Southeast Asian region, especially in coastal regions such as Chao
Phayra Plain in Thailand, Mekong Delta in Vietnam and Cambodia, Central Plains of
the Philippines, Coastal Plains of Malaysia, Indonesia, Singapore, Hong Kong, Korea,
Japan and Taiwan. These coastal regions are generally covered with very soft clays.
The clay behaviour is significantly influenced by its structure, which is determined by
both the particle and arrangements (fabric) and the inter-particle forces (soil-
cementation or bonding). The soil structure is formed by various processes such as
natural deposition, which is affected by the chemical bonding between soil particles
during sedimentation process and human design, which is known as chemical
stabilised soil. The stress-strain-strength predictions are nescessary for geotechnical
engineer in practice. The soil structure causes the difference in the mechanical
behaviour of clays between the intact and reconstituted states. Therefore, the plastic
deformational response due to the destructuring cannot be explained by the
conventional critical state model, which is developed based on the clay behaviour in

reconstituted state.



There have been great progresses in constitutive modelling of clay behaviour
with consideration of soil structure. One of them is the famous work proposed by Gen
and Nova (1993). Their concept has influenced to the development of model for
bonding material recently. Some frontier researches in modelling the destructuration
of soil structure following the Gen and Nova’s concept are the kinematic hardening
model for structured clay (Kavvadas and Amorosi, 2000; Rouainia and Muir Wood,
2000; Gajo and Muir Wood, 2001; Baudet and Stallebrass, 2004), an extension of
Cam Clay model with superloading surface for structured soil (Asaoka et al., 2000),
and etc. Although those models can predict impressively the ordinary behaviour of
structured soft clay, however some salient characteristics of structured stiff and
artificially structured clays are overlooked. Some advanced models have been
developed based on the complex theories for better prediction of mechanical
behaviour of artificially structured clay. Consequently their model parameters are
difficult for practical identification; it is one problem for limited use of the advanced
soil models.

Liu and Carter (2002) presented an extended version of Cam Clay model with
consideration of the effect of soil structure, ‘Structured Cam Clay (SCC) model’. The
SCC model was formulated based on the simple critical state plasticity theory in the
conventional triaxial space. The different voids ratio between structured and
destructured compression line has been adopted as a state parameter for the
identification of the effect of soil structure on the volumetric deformation. The
structure and destructuring laws were implicated following the simple volumetric
hardening and softening model formulation. Liu and Carter’s model is a successful

model for the natural clay behaviour with the simple pattern recognition inherited



from the Cam Clay model (Roscoe and Burland, 1968). The SCC model has been
extended to the generalised stress space and implemented to a finite element analysis
for solving geotechnical boundary value problems (Liyanapathirana et al., 2009).
However, some features of structured clay have been ignored for its simplicity (i.e.,
cohesion effect, strain softening behaviour and etc.). This leads to the limitations of
the SCC model for predicting the strongly structured clay behaviour, especially
structured stiff clay and artificially structured clay. It is necessary to have a simple
model for describing the clay behaviour in reconstituted, naturally structured and
artificially structured states by a single rational theory with parameters obtained from
conventional laboratory. This leads to the development of the constitutive model in

this research.

1.2 Aims of the study

This thesis presents the development of a generalised critical state model for
describing the behaviour of structured clay in three different states: destructured,
naturally structured and artificially structured states. The proposed models are
formulated based on the theoretical framework of the SCC model (Liu and Carter,
2002). The compression model of structured clay, which is a key feature in the
formulation of the SCC model, was adapted together with a proposed modified
effective stress concept and a destructuring law due to shear deformation. Two
versions of soil models are presented for the different purposes. First version is a
generalised critical state model for structured clay, named ‘Modified Structured Cam
Clay (MSCC) model’. In this model, the soil is modelled as the elastic-virgin yielding

material by considering the cohesion effect, strain softening and the effect of soil



structure on the plastic direction. Some additional model parameters were introduced
based on the derivation of conventional compression and triaxial test results. The
second version is an extended MSCC model for better prediction of stress-strain-
strength of soil in overconsolidated state. The bounding surface plasticity theory was
incorporated into the generalised MSCC model. The radial mapping rule was
presented for describing the hardening/softening and destructuring during loading
inside the boundary surface. The verification of the proposed model in triaxial space
was carried out by simulating compression tests and undrained and drained shearing
tests under a wide range of effective mean stress. Various clays from many parts of
the world were used in the verification. Finally, an extension of MSCC model into the
generalised stress space was presented and implemented into the finite element code

for solving the boundary value problems in geptechnical practice.

1.3  Structure of presentation

This thesis consists of six chapters and outlines of each chapter are presented
as follows:

Chapter Il presents the review of previous research on the constitutive
modelling for structured clay. Topic discussion includes: the basis critical state soil
mechanics and the model of Cam Clay family, conceptual framework for modelling
the bonding materials, recent models developed for structured clay, theory for
modelling soil in overconsolidated state, and the framework of the SCC model.

Chapter 11l presents the formulation of the MSCC model in conventional
triaxial space. The elastoplastic formulation with considering the effect of soil

structure is presented based on the critical state framework. It is implemented into a



single element calculation for simulating the conventional compression and triaxial
test results. The parametric study of the proposed parameters is discussed. The
validation of MSCC model is done under various test results and different conditions.

Chapter 1V presents an extended version of the MSCC model for
overconsolidated structured clay. The MSCC model is adopted together with the
bounding surface plasticity formulation. A parametric study of the additional
parameter is discussed. Essential features of extended model are presented by
simulating the compression and shear tests of overconsolidated structured clay.

Chapter V presents the application of the MSCC model formulated in the
generalised stress space for using to study the influence of soil-cementation structure
on the inhomogenouse behaviour of triaxial compression shearing specimen. The
finite element implimentation of the MSCC model is presented and also coded in the
generised finite element program, ABAQUS. The numerical study of axisymetric
triaxial compression shearing test under drained and undrained condition are
demonstrated and discussed.

Chapter VI concludes the present work and suggestion of the topics for further
study. The list of input parameters and the souce code of the model developed in this

thesis are summarised in the appendices.

1.4 Definition of stress and strain variables

The critical state framework has been carried out in the conventional triaxial
stress space in order to confine attention to the conventional laboratory consolidation
and triaxial test conditions. The simple critical state plasticity model formulations

detailed in Chapter 111 and IV are presented in triaxial stress space and the extension



of proposed model for solving geotechnical boundary value problem is presented in
the generalised stress space (in Chapter V).
In formulation of constitutive model in this research, the state of soil is defined

by three parameters; those are the mean effective stress, p’, deviatoric stress, ¢, and

voids ratio, e. They are defined as follows,

p'=%(a{+0§ +0§)=%(0;+0; +az')=%(ax+ay +az)—u, (1.1a)

p = %(0{ +20) for conventional triaxial space, (1.1b)

gq= , (1.2a)

q= +3(1'X2y +72 +T§Z) , (1.2b)

q=0,—0y for conventional triaxial space. (1.2c)

The other parameter required for defining the state of stress in deviatoric plane

is the Load angle &, which is defined as:



6 =tan™ 1 2%_1 :_lsin_l zdezs
3 O, — 0, 2 2 q

where
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o,—Pp z-><y T
_ ’ '
dets=| 7, o,—p 7T,
T T o —-p

], (1.3)

(1.4)

Corresponding stress parameters, p’ and q are the strain parameters, which

are volumetric strain, ¢, and deviatoric strain, &, :

g, =&te,te =618, +¢&, (1.5a)

g, =& +2¢& for conventional triaxial space, (1.5b)
\/E 2 2 2 Z

&, =?[(51 &) +(e,—&) +(&—¢) }2 (1.6a)
2 . .

&y = E(gl &) for conventional triaxial space. (1.6b)
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CHAPTER 11

MODELLING THE STRUCTURED CLAY BEHAVIOUR

2.1 Introduction

The simplest material model is linear elastic, which is completely described by
the generalisation of the Hooke’s law (a response between stress and strain is linear
relationship). However, for many geomaterials, the overall stress-strain response
cannot be condensed into a unique relationship. Hence, it is necessary to have more
complicated models to predict real soil behaviour. This leads to the development of
elastic-perfectly plastic model (e.g. Tresca, Mohr-Coulomb models) and elastoplastic
hardening model (e.g. The Drucker-Prager model) as well as the critical state
plasticity model (e.g. Cam Clay model), and etc.

The soil models can implement into geotechnical practice via the numerical
techniques. Three governing equations for the solution of the load deformation
problems of soil mass are an equilibrium equation that all forces (body, surface, inertia
and stress) must be in equilibrium, a compatibility equation, which is the relationship
between strains and displacements and a constitutive equation, which is stress and
strain relation.

The influence of material type on the mechanical behaviour of soil is reflected
by the constitutive equation. Recent soil models have been developed based on two
trends of the philosophy. First employs very simple models with relatively few

parameters (often with physical meaning), each for a specific application and for
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specific type of soil such as normally and lightly overconsolidated clays, sands or
rocks. The other trend is to use all-embracing models with a relatively large number of
parameters (some may have no physical meaning) for excellent stress and strain
prediction. The model selection is dependent on their features, which are suitable for
different problems. The desirable soil model for the geotechnical practitioner is a
simple model with parameters obtained from the conventional laboratory. The Cam
Clay model is one of the most famous models for clays. It was formulated based on
the critical state framework. The remoulded clay behaviour is successfully described
by this model. The main shortcoming of Cam Clay model is the limitation on
modelling the effect of soil structure for natural and cemented clays. There are great
progresses for solving this topic during last decade. The complex theories have been
developed based on the ordinary Cam Clay model. Some of them are complicated and
the parameters have no physical meaning.

This chapter reviews the salient features of structured clay compared with
destructured (reconstituted) clay and the conceptual framework for modelling the
effect of soil structure on the behaviour of clays. The critical state theory and Cam
Clay model are presented briefly and some discussions are made. The recent works on
the constitutive modelling for structured clay are reviewed. In particularly the Liu and
Carter’s model, adopted as fundamental in model development, is presented in details.
Moreover, the extensive studies for modelling soil in overconsolidated state are

summarised.
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2.2 A critical state soil mechanics

2.2.1 Introduction

The critical state soil mechanics is a famous theory for clays, which is
developed from the application of theory of plasticity. The formulations of the series
of Cam Clay model were proposed by Roscoe and his co-workers at the University of
Cambridge. The original formulation of critical state model was presented in the
conventional triaxial space (g, p’, e) for verification with the conventional test on
triaxial condition (Roscoe and Schofield, 1963; Schofield and Wroth, 1968; Atkinson
and Bransby, 1978; Muir Wood, 1990). After that the model in the generalised stress

space (o, ,0,,0,) was formulated for implementation of the model into a numerical

analysis (Roscoe and Burland, 1968; Britto and Gunn, 1987; Gens and Potts, 1988;
Borja and Lee, 1990).
2.2.2 Concept of critical state soil mechanics

The theory of critical state soil mechanics has been used widely as
fundamental for the development of many models. The purpose of all of these models
is to achieve a better agreement between predicted and observed soil behaviour. The
theory of critical state soil mechanics essentially combine the work of Rendulic (1937)
for normally consolidated clays and that of Hvorslev (1937) for overconsolidated
clays. The original works were carried out from the test results on the reconstituted
clays. To avoid the confusion, the soil parameter referred to reconstituted state in this
study is denoted by an asterisk (Burland, 1990). The following is its main hypotheses:

a) The state of the soil, described by the parameters ¢, p' and e, always

lies within or on a unique state boundary surface.
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b) In the e—1In p" plane, the locus of isotropically consolidated states for

reconstituted clays, which is called here the isotropic normal compression line is

shown in Figure 2.1. It is assumed to be a straight line of the form:

e=e,—A Inp, (2.1)

where ¢, is the reference voids ratio for normal compression line at p’= 1 kPa and A’

is the gradient of normal compression (straight line) in the e—In p’ plane. A swelling

line passing through the point (e, p") is described by the following equation:

e.=e. —Kk Inp, (2.2)

where e, is the reference voids ratio for swelling or reloading line at p’ = 1 kPa and

k" is the gradient of swelling or reloading line in the e—1In p’ plane.

c) All soils ultimately reach a critical state as a unique state of constant
volume and effective stress. For a given specific volume, the critical state occurs at a

unique stress, and the locus of critical state in the ¢— p'—e space coincides with line

with equation:

g=x*M'p’, (2.3)

e=e.—A Inp, (2.4)
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where M~ is the gradient of the critical state line in the ¢— p’ plane and e, is the

reference voids ratio for the critical state line at p’ = 1 kPa. Schofield and Wroth
(1968) have described the critical state as “flow of the soil like a frictional fluid”, with
the energy dissipated as friction. The M is a simple constant modelling frictional
behaviour at the macroscopic scale. It defines the deviatoric stress needed to keep the
soil flowing at the critical state for any given mean effective stress.

d) A unique state boundary surface exists, which separates possible from
impossible states. The state of the soil described by the stress parameters ¢, p’ and e
always lies within or on the state boundary surface. When a clay is sheared, its stress
path rises up to the state boundary surface and then travels on the surface until
reaching the critical state line. The two surfaces meet at the critical state line presented

in the ¢— p’'—e space as shown in Figure 2.2. The unique state boundary surface can

be presented in the normalised stress space shown in Figure 2.3 where p', is the
equivalent pressure on the isotropic compression line at the same voids ratio. It
consists of the Hvorslev surface for heavily overconsolidated clays, the Roscoe
surface for normally consolidated and lightly overconsolidated clays and the tension
cut off for tension failure. The region extending from the swelling line to the state
boundary surface is defined as an elastic wall. In the theory of critical state soil
mechanics, the response of the soil on an elastic wall is considered to be purely elastic,
and after reaching the state boundary surface to be a less stiff combination of elastic

and plastic behaviour.



e, Isotropic compression line
er Critical state line
e Swelling line
K
p'=1kPa p'

Figure 2.1 Isotropic compression line, swelling line and critical state line

Critical state line

Figure 2.2 State boundary surface of the critical state framework in g-p'-e space

(modified from Atkinson and Bransby, 1978)
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Figure 2.3 State boundary surface in the normalised stress space (After Atkinson

and Bransby, 1978)

2.2.3 Cam Clay model
The Cam Clay model was originated by Roscoe and Schofield (1963) for
normally and lightly overconsolidated clay following the assumptions that the change
in size current yield surface is related to the change in volume of soil sample or
volumetric hardening material. The Cam Clay model is the elastoplastic model with
the isotropic volumetric hardening.
The elastic volumetric unloading/reloading is accompanied to the

variation of p' according to the linear relationship as follows:

_x , (2.5)

and the recoverable change in deviatoric strain is given by,
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oq
0ct =——, 2.6
3G (26)
where K’ is bulk modulus and G'is shear modulus.
The Cam Clay model was derived based on the work equation and the

logarithm function was adopted as the yield surface. The equation of the yield surface

18,

F:q—M*p‘ln(%j:O, 2.7)

where p; is the reference size of yield surface (stress history). The energy dissipated

at any infinitesimal increment of plastic work of the Cam Clay yield surface is only a
function of the plastic deviatoric strain. Following the critical state concept, the Cam

Clay yield surface is consistent to the work equation as,
SW = p'Se? +qde! =M p'de?, (2.8)

where SW is an energy dissipated per unit volume of soil. In the Cam Clay model, it
is assumed that the plastic flow obeys the principle of normality and an associated
model. Thus, the plastic potential and the yield surface coincide (G = F). The plastic

flow rule is presented in terms of stress ratio, 77, as follows:
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v

se? 0Glog

P '
3! _9GIap' _ e (2.9)

The yield surface is assumed to expand with a constant shape and the change in size of

the yield surface Jop; is assumed to be directly related to the changes in plastic

volume deformation o¢? , according to the hardening rule following linear equation:

sp=\r)P s 2.10)
(2" -«)

The elastic and plastic stress-strain relationship for the Cam Clay

plasticity model is defined in the compliance relationship as:

L
%, | _| K' sp' (2.11)
e, 0 R ’ '
3G’
OF 0G OF 0G

(2.12)
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where H:_ia_Fé‘k:_ia_Fé‘pé :_a_Fala_G'
A Ok A op; Op, Os? op'

One of the shortcomings of the Cam Clay model is the prediction of the

coefficient of the earth pressure at rest, K. For one-dimensional normal compression,

the Cam Clay model predicts the plastic strain as same as that of the isotropic
compression test, so it cannot distinguish between isotropic and one-dimensional
normal compression. Furthermore, the discontinuity of the Cam Clay yield surface at
q = 0 causes difficulties because the associated flow rule will predict an infinite
number of possible strain increment vectors for isotropic compression. Burland (1965)
have proposed a modified work equation, which considers the work dissipates in
plastic volume change. The energy dissipated in the Cam Clay model is modified as

follows,
1
. 2
SW :p'(55§2 +(M58]) )2. 2.13)

Based on the modified work equation, the Modified Cam Clay (MCC)
model proposed by Roscoe and Burland (1968) overcomes these problems by

adopting an elliptical yield surface, which has the following expression:
F=q'-M"p'(py -p')=0. (2.14)

When the stress state stays within the current yield surface, the elastic

properties of the MCC are the same as those in the original Cam Clay model. The
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plastic potential is the same as the yield function for the associated model. The flow
rule for the MCC model is then calculated by the application of the normality

condition as follows:

se? M7 -1
TR (2.15)

The hardening relationship for the MCC model is the same as that for
original Cam Clay model (Equation 2.10). The elastic and plastic stress-strain

response of the MCC model can be written in the compliance relationship as follows:

e _, 0 !
% |_| K {5" } (2.16)
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2.2.4 Beyond the Cam Clay model
The Cam Clay model can predict the behaviour of normally and lightly
overconsolidated clay quite well. However, there are several imperfections for the
Cam Clay theory. The Cam Clay model was developed based on the assumption that

soils are considered as isotropic hardening and softening material. It is well known
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that soils in reality are anisotropic due to the mode of deposition. Many soils have
been deposited over areas of large lateral extent and the deformations they have
experienced during and after deposition have been essentially one-dimensional. Some
further works on the critical state model for soils with an anisotropic consideration
have been presented by Whittle (1993), Wheeler et al. (2003) and Dafalias et al.
(2006), and etc. Although the anisotropy affects the evolution of the yield surface of
structured clay, some simple model considers only the isotropic hardening for
simplicity of the model formulation (e.g., Liu and Carter, 2002; Lee et al., 2004 and
etc.).

Following the traditional elastoplastic model, the Cam Clay assumes that
the plastic strain develops instantaneously and that time does not enter into any
consideration. Thus the rate independent Cam Clay model cannot explain time
dependent behaviour, such as creep, stress relaxation, strain rate effect, and etc. The
further work of critical state models with rate dependent effect have been proposed by
Adachi and Oka (1982); Borja and Kavazanjian (1985); Kutter and Sathialingam,
(1992) and etc.

The Cam Clay model overestimates the failure stresses on the 'dry' side
(i.e. states to the left of the critical state line). The Cam Clay model overestimates the
peak strength in undrained heavily overconsolidated clay. The some extended critical
state models for overconsolidated clay were developed by using the bounding surface
plasticity theory (i.e., Whittle, 1993; Whittle and Kavvadas, 1994; Stallebrass and

Taylor, 1997, and etc.).
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The other main problem of Cam Clay is the limitation on soil-
cementation structure consideration, which is the main topic of research study. The

literature review on the modelling the structured soils is presented in the next section.

2.3 Conceptual framework for modelling the structured soils

The Cam Clay model (Roscoe and Schofield, 1963; Roscoe and Burland,
1968) have successfully explained the clays behaviour without soil structure
consideration. However the resistance of soil structure is responsible for the difference
in the mechanical behaviour of clay in natural between the structured and the
destructured states (Leroueil et al., 1979; Hanzawa and Adachi, 1983; Leroueil et al.,
1983; Leroueil and Vaughan, 1990; Mitchell, 1996; Shibuya, 2000; Horpibulsuk et al.,
2007). Callisto and Rempello (2004) have presented the stress and strain behaviour of
three different natural clays that most of them cannot be explained by the MCC model.
Based on the examination of a large body of experimental data on structured soils (i.e.,
Wissa et al, 1965; Burland, 1990; Leroueil and Vaughan, 1990; Cotecchia and
Chandler, 1997; Huang and Airey, 1998; Cotecchia and Chandler, 2000; Liu and
Carter, 2000; Ismail et al., 2002; Rotta et al., 2003; Callisto and Rampello, 2004;
Lorenzo and Bergado, 2004; Horpibulsuk et al., 2005), the mechanic behaviours of
structured soils were summarised as follows:

a) A comparison of the compression behaviour of high water content clay in
reconstituted, naturally structured and cemented states based on the test data by
Lorenzo and Bergado (2004) is shown in Figure 2.4 (4,, stands for cement content by
weight). It is seen that the basic feature of the compression behaviour of cemented

clay is similar to that of a naturally structured clay (Liu and Carter, 2000). Due to the
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effect of soil-cementation, the voids ratio sustained by artificially structured clay is
higher than that of the naturally structured clay. During virgin yielding, break-down of
soil-cementation takes place, and the additional voids ratio sustained by soil-
cementation structure decreases. However, quantitatively speaking, for high water
content clay, the additional voids ratio sustained by cementation structure is much
higher than that sustained by natural soil structure; the rate of break-up of cementation
of cemented clays is generally higher than that of naturally structured clays as

indicated by the larger compression.

5.0 e

Bangkok clay

= = == Reconstituted]
—e— Natural
—N— A,=5%
—a— 4,=10%
—0— 4,=15%

4.0

Voids ratio, e

10 10° 10° 10*
Vertical stress, o, (kPa)

Figure 2.4 One-dimensional compression behaviour of Bangkok clay with various

structures (after Lorenzo and Bergado, 2004)

b) Even with the break-up of cementation in virgin yielding, the isotropic
compression curve of structured clay is asymptotic to the reconstituted compression

curve of natural clay (Cotecchia and Chandler, 2000). The reconstituted compression
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curve of the artificially structured clay might be different from that of natural clay
since cement or lime and clay might form a new material due to the chemical reaction
process. However, this reconstituted compression curve can be used as reference for
modelling compression curve of structured clay (Liu and Carter, 1999; Desai, 2001;
Liu and Carter, 2003).

c) The size of the initial yield surface increases with soil-cementation, so does
the tensile strength of the soil. Due to soil-cementation effect, the highly structured
clay mainly exhibits the elastic behaviour when stress state is inside the state boundary
surface like concrete.

d) The resistance to elastic deformation and yield stress increase with degree
of cementation as shown by the lower swelling index, x. Even with the increase in the
yield stress, the resistance to plastic deformation decreases with the cementation
bonds. In other words, the greater the degree of cementation, the higher the virgin
yielding compression index, A. This is due to the sudden break-down of cementation
bond for high cementation bond (Horpibulsuk et al., 2004).

e) The strain softening behaviour is investigated for soil loaded on both dry
and wet sides of critical state line. This is attributed to the crushing of soil-
cementation structure. This feature of softening behaviour of cemented clays is
fundamentally different from that of reconstituted clays. The softening behaviour of
reconstituted clay occurs only for heavily overconsolidated soil in drained condition
and is caused by the interlocking (dismembering of clay clusters) (Srinivasa Murthy
et al., 1988; Srinivasa Murthy et al., 1991).

f) A comparison of the shear behaviour of artificially structured clay and that

of naturally structured clay shows that the final strength of artificially structured clay,
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both in terms of shear stress and shear stress ratio, is generally higher than that of the
naturally structured clay.

g) It appears that the variation of mechanical properties of artificially
structured clays is basically isotropic (Huang and Airey, 1998; and Rotta et al, 2003).

Based on the recent work on the mechanical behaviour of structured clay, the
various approaches for development of constitutive models for structured clay are
proposed. One is proposed by Oka et al. (1989). They have presented a constitutive
model for soft natural clay incorporated with a damage of soil structure in the plastic
formulation. Soil structure is modelled as an extra strength that reduces with plastic
strain to the destructured state which is controlled by frictional resistance only. In
contrast, Chazallon and Hicher (1995) have presented a damage of soil structure as a
change in the elastic properties. The fabric and bonding at microscopic scale are
modelled separately. The mechanical behaviour of the fabric is modelled by
elastoplastic law, while a bonding is modelled by an elastic law which takes into
account the damage spreading inside the material and degradation by means of
a damage law.

Vatsala et al. (2001) have presented an elastoplastic model for structured soil,
considering its response as the sum of the strength of the soil structure and the
cementation bond strength, and modelling these two components separately. The
MCC model has been adopted for destructured soil component, and a new
elastoplastic model has been proposed for the cementation bond component. A simple
associated flow rule is used for both the components.

The classical hardening plasticity is firstly extended to structured soil by Gen

and Nova (1993). They have presented the two features of the structured soils, which
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should be considered in modelling soil behaviour. First is that the variation of the
yield surface is affected by destructuring and second is that the structured soil
behaviour must be considered with respect to its behaviour in reconstituted state. The
effect of soil structure on the initial elastic domain by using a lager yield surface and
allowing for tensile strength and true cohesion have been presented in the work by
Gen and Nova as shown in Figure 2.5. They have suggested that the increased yield
stress and tensile strength are directly proportional to the yield stress of the
reconstituted soil by a factor which is a function of the degree of bonding as shown in
Figure 2.6.

The destructuration is modelled by soil structure variables, which are related to
plastic strain rate. The variation of yield locus is controlled by a conventional
volumetric hardening associated with destructuration. The evolution of the yield
surface when hardening of the destructured soil dominated with respect to decrease in
the effect of soil structure as shown in Figure 2.7a. Figure 2.7b shows the shrinking of
the yield surface which respect to the volumetric softening of destructured soil. The
degree of soil structure is defined as a function of the measure of damage, 4, Figure
2.8, which is a function of both plastic volumetric and deviatoric strain. The isotropic
compression of structured soil can be computed by the concept of destructuration as
presented above as shown in Figure 2.9.

Although the model proposed by Gen and Nova (1993) cannot predict
advanced features of soil behaviour such as small strain non-linearity, stress-induced
anisotropy, effect of recent stress history, etc, but their methodology is simple and

clear enough for incorporating with existing soil models. However, a key issue was
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not addressed by Gen and Nova (1993) which are the determination of the relation

between destructuration and plastic strain or destructuring law.

Figure 2.5 Successive yield surfaces for increasing degree of bonding

(after Gen and Nova, 1993)

\ 4

Voids ratio, e

Figure 2.6 Isotropic normal compression curves for material with various degree of

bonding (after Gens and Nova, 1993)



(a) Soil behaviour dominated by strain hardening
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(b) Soil behaviour dominated by strain softening

Figure 2.7 Evolution of the yield surface (after Gens and Nova, 1993)

27



bo

A 4

hy h

Figure 2.8 Reduction of bonding, b, with increasing damage, /

(after Gen and Nova, 1993)

14
p' (kPa)
50 100 500 1000
0.80
Q) L
_9“ 0.75
ic—é L
S -
2 .
1)
S - Unbonded N
0.70 \
| N
L C N
0.65 ‘

Figure 2.9 Computed isotropic compression curves for materials with different

amounts of bonding (after Gens and Nova, 1993)
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2.4  Soil models for structured clay based on critical state

framework

Various soil models have been developed recently with the framework of
critical state soil mechanics to predict the behaviour of structured clays (e.g. Asaoka
et al., 2000; Kasama et al., 2000; Kavvadas and Amorosi, 2000; Rouainia and Muir
Wood, 2000; Liu and Carter, 2002; Baudet and Stallebrass, 2004; Lee et al., 2004,
etc.). Those model follow the presented concepts for modelling the bonded material
by Gen and Nova (1993) as discussion in the previous section. Some advanced models
with special features and the simple extended MCC model for taking care of the effect
of soil structure are presented during last decade. The advanced soil models have been
formulated based on the complex theory for the better simulation of special soil
behaviour such as structural anisotropy, small strain stiffness, soil in overconsolidated
state, and etc (Asaoka et al., 2000; Kavvadas and Amorosi, 2000; Rouainia and Muir
Wood, 2000; Gajo and Muir Wood, 2001; Baudet and Stallebrass, 2004).

In the development of the soil models for structured clay, the effect of soil
structure is considered by the increase in the size of the bounding surface. Although
those models are based on the same concept, evolutions of bounding surface are
presented in two different ways. First is that the increased strength (structure strength)
is added to the reconstituted material (Asaoka et al., 2000; Rouainia and Muir Wood,
2000; Gajo and Muir Wood, 2001; Baudet and Stallebrass, 2004). The other is the
gross yield curve of the structured clays, which is simply determined directly in
laboratory as shown in Figure 2.10 (Kavvadas and Amorosi, 2000). Rouainia and
Muir Wood (2000) and Gajo and Muir Wood (2001) have described the size of the

bounding surface of the naturally structured clay as the size of the structured bounding
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surface of the reconstituted clay multiplied by the degree of structure. This approach is
similar to the concept of sensitivity framework (Cotecchia and Chandler, 2000) that
the state boundary surface of structured clay is defined by the preconsolidation
pressure at the intersection of an elastic wall and the natural compression line
(apparent yield stress). Asaoka et al. (2000) have presented the size of superloading
surface in the same way that it is related to the size of Cam Clay model by the degree
of structure, R", as shown in Figure 2.11. Liu and Carter (2002) have presented the
size of structural yield surface, which is defined by the isotropic virgin yielding stress,

p.. The elliptical yield surface of the MCC model is adopted in SCC model by Liu

and Carter (2002) with a constant aspect ratio, M.

In some models, the tensile strength is included in the size of the bounding
surface, so that the origin of stress plane is inside the boundary surface (Kasama et al.,
2000; Kavvadas and Amorosi, 2000; Lee et al., 2004). The tensile strength caused by
structure is not relevant for natural clays but is the main component for controlling the
behaviour of structured clay (Horpibulsuk, 2001; Callisto and Rampello, 2004).

The elliptical bounding surface has been adopted for almost models for
structured clay inherited from the MCC model (Kasama et al., 2000; Kavvadas and
Amorosi, 2000; Rouainia and Muir Wood, 2000; Liu and Carter, 2002; Baudet and
Stallebrass, 2004; Lee et al., 2004). In contrast, there are some models use the
logarithm function as the shape of bounding surface such as super-subloading model
by Asaoka et al. (2000), etc. Asaoka et al. (2000) have introduced the three yield
surfaces concept into the Cam Clay model (vide Figure 2.11). The relation between
each surfaces are presented via parameters dependent on the degree of soil structure.

Rouainia and Muir Wood (2000) have modelled the structured clays by an extended



31

bubble model, which have proposed by Al-Tabbaa and Muir Wood (1989). The
kinematic hardening is adopted for describing the stiffness of soil in small strain. The
structural and reference surfaces are illustrated in Figure 2.12.

Most models assume that the destructuration is a function of plastic strain.
Some models assume that the soil structure do not degrade in elastic region. In other
words, there is no destructuration inside the state boundary surface caused by using a
single yield surface formulation (Kasama et al., 2000; Liu and Carter, 2002; Lee et al.,
2004). However, some advanced soil models allow destructuration to start inside the
boundary surface, by using kinematic hardening plasticity (Kavvadas and Amorosi,
2000; Rouainia and Muir Wood, 2000; Gajo and Muir Wood, 2001) or bounding
plasticity mapping rule (Tamagnini and D'Elia, 1999) or subloading yield surface
concept (Asaoka et al., 2000). However, those models have some limitation that the
size of the elastic region is quite difficult to measure directly. The destructuring law
for structured models have presented in different ways. Asaoka et al. (2000); Baudet
and Stallebress (2004); Rouainia and Muir Wood (2000) have presented the
destructuration as a function depended directly on both plastic volumetric strain and

plastic deviatoric strain by different proportions.
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Figure 2.12 Characteristic surfaces for the model for structured clays (after Rouainia

and Muir Wood, 2000)
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Figure 2.13 The three surface kinematic hardening (3-SKH) model in the triaxial

stress space (after Stallebrass, 1990)
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2.5 Modelling the overconsolidated soil

The Cam Clay model is based on the assumption that the interior of the yield
surface is an elastic domain with no plastic deformation. As discussed earlier, this
leads to the limitation of conventional plasticity models to predict plastic deformations
during unloading/reloading stages of cyclic loading. Another main problem, which is
the topic of this study, is the lack of transition between elastic and plastic behaviour of
lightly overconsolidated clay and the destructuration for overconsolidated clay during
loading inside the boundary surface. For the structured clay, although the
destructuration during loading inside the boundary surface is too small which can be
ignored for highly cemented clay, however it produces the plastic volumetric strain,
which affects the effective stress path and the development of the excess pore pressure
in undrained condition (Horpibulsuk et al., 2004). Moreover, the elastic to failure
behaviour of heavily overconsolidated soil predicted by the MCC model is
overestimated from the test result caused by the elliptical shape of yield surface which
is adopted as the failure envelope (Suebsuk et al.,, 2008). There are many theories
developed for correcting those problems such as multi-surface or kinematic hardening
plasticity theory, bounding surface plasticity theory. Those theories are reviewed in
this section. In this research, a developed model was extended for explanation of the
volumetric hardening and destructuring during loading inside the boundary surface,
however for simplicity, the cyclic loading is not focused in this study.

The multi-surface plasticity model has been introduced by Mroz (1967). This
model incorporates multiple yield surfaces and introduces the kinematic hardening
concept to describe cyclic plasticity in metals (Mroz, 1967; Mroz, 1969). Later, Mroz

et al. (1978) have extended the application of the multi-surface model to cyclic
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loading of soils by taking into account both isotropic hardening due to changes in
voids ratio and anisotropic effects induced by preconsolidation. The earlier version of
the multi surface plasticity model is based on a finite number of nesting sub-yield
surfaces, with the inner most surface enclosing the elastic domain and the outer most
surface representing the degree of consolidation. The nesting sub-yield surfaces
become active and translate in stress space when intercepted by the current stress
state. The hardening modulus is defined by the size of the active nesting surface and
varied in a piecewise linear function between consecutive surfaces. A similar
kinematic hardening model with multiple nested translating yield surfaces has also
developed by Prévost (1977) for undrained cyclic analysis of clays.

To achieve a continuous variation of the hardening modulus, Mroz et al.
(1978; 1981) have refined the multi-surface model by assuming an infinite number of
nesting subyield surfaces. In the infinite-surface model, the hardening modulus
depends on the ratio of the size of the instantaneous loading surface on which the
stress state lies and the outer most yield surface. Mroz et al. (1978; 1979) have also
presented a modified two surface model as an alternative simplification to the multi-
surface formulation. This formulation avoids the tracing of the evolution of the nesting
surfaces by interpolating the hardening modulus using the distance of the stress point
from its conjugate point on the outermost yield surface.

More recently, some similar soil models have been formulated based on the
critical state framework by Al-Tabbaa and Wood (1989), Stallebrass (1990) and
Stallebrass and Taylor (1997) (with three surfaces called 3SKH model, vide Figure

2.13). McDowell and Hau (2003) extended Stallebrass and Taylor's work by

introducing a new plastic potential to get better predictions of the K, value and



36

deviatoric strain. A similar model has also been proposed with the consideration of
soil structure by Rouainia and Muir Wood (2000); Gajo and Muir Wood (2001).

Dafalias and Popov (1975) have introduced the bounding surface plasticity
concept for describing the nonlinear hardening of materials under complex loading.
Bounding surface plasticity theory is based on the observation that plastic
deformations occur even when a stress state lies inside a conventional yield surface.
Bounding surface models provide an inherent extension to conventional constitutive
models by assuming a smooth transition of stiffness from elastic to plastic state. In the
bounding surface formulation, plastic deformation at any stress point inside the
bounding surface is computed by defining the plastic modulus as a decreasing
function of the distance of the stress point from its “image point” on the bounding
surface.

Mathematical foundation of the general bounding surface theory and its
application to isotropic cohesive soils have been presented by Dafalias (1986);
Dafalias and Hermann (1986). The bounding surface plasticity model proposed by
Dafalias and Hermann (1980); Dafalias (1986) is a simple model within the
framework of critical state soil mechanics. It uses a three segment bounding surface
with a simple radial mapping rule and a distance dependent additive plastic modulus.
This idea can be applied to the existing critical state model as following the diagram
illustrated in Figure 2.14. The state boundary surface is defined as the MCC yield

surface and a radial mapping rule is adopted to define the image stress point (g, p})

from the current stress state (¢, p'). A smooth transition between elastic and plastic

behaviours is described by the modified hardening rule as follows:
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H=H +H, ° 1+
’ J, n

0

} (2.18)

where H, is the plastic stiffness at image stress point, 6 and &, are the distance

between current stress point and image stress point.

q A

Loading surface

Bounding surface

Figure 2.14 A typical bounding surface model in the g-p' space

Yu et al. (2007) and Khong (2004) have introduced their model named as
CASM for predicting the cyclic loading of clay and sand incorporating with the
bounding surface formulation. The unified radial mapping rule for clay and sand have

been presented in the simple form as follows:

=Y (2.19)
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H=+w0if y=0, (2.19b)
H=H, ify=1, (2.19¢)

where y is a ratio between the image stress and the current stress.

The hardening modulus for virgin yielding has been presented following the

radial mapping in the form:

H:Hj+£,M’

p v

(2.20)

where 4 and m are two material constants.

The sub-loading surface model proposed by Hashiguchi and Ueno (1977) has
similar characteristics to the bounding surface plasticity models. This model employs
two similar surfaces, an interior sub-loading surface on which the current stress state
lies and an outer conventional yield surface. The hardening modulus in this model is
computed using an extended consistency condition on the sub-loading surface.
Hashiguchi (1980; 1989); Hashiguchi and Chen (1998) modified this model to
incorporate translation of the similarity-centre and rotation of the sub-loading and
yield surfaces. The model requires a greater number of hardening variables to account
for rotation and translation of the sub-loading surface. The sub-loading surface has
been adopted in the formulation of the model for structured clay by Asaoka et al.

(2000) for describing the clay behaviour in overconsolidated state.
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The bounding surface plasticity has attracted a great deal of attention due to its
simplicity and efficiency in modelling unloading/reloading behaviour. The
significance of bounding surface formulation is to improve the predictive capability
for stress states inside the bounding surface through successive development of plastic
strains as the stress point approaches the surface by avoiding abrupt changes from
elastic to plastic behaviour. This method is computationally simple, uses fewer model

parameters and gives a reasonable accuracy.

2.6 A framework of Structured Cam Clay model

The extended critical state model for structured clays has proposed by Liu and
Carter (2002), namely as ‘Structured Cam Clay (SCC) model’. The SCC model has
been formulated by introducing the influence of soil structure into the MCC model.
The destructured soil behaviour is assumed to be described adequately by the MCC
model. The different features between structured and destructured soil are
encompassed in terms of soil structure. The SCC model parameters are obtained from
the destructured samples, which are intrinsic properties (Burland, 1990) and the
structured (intact) samples. The influences of soil structure are described by
comparing structured soils behaviour with the intrinsic behaviour.

The compression behaviour of structured clay shows the progressive
destructuring after the virgin yielding occurs. The gradient of compression line of
structured clay is not constant along the virgin yielding as shown by Leroueil and
Vaughan (1990), and Burland (1990), etc. The compression equation with the
destructuration for structured clay proposed by Liu and Carter (1999; 2000) is adopted

m the formulation of SCC model. The difference in voids ratio between a structured
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soil and the corresponding destructured soil at the same stress state in compression
line (Ae) is introduced to be the key parameter for modelling the influence of soil

structure as illustrated in Figure 2.15. The compression equation for structured clay is

defined by the standard parameters (e;, A° and ") from the MCC model and three

additional parameters (Ae;, p), and b) as follows:

, \b

e=e +Ae=e¢, —(/1* —K‘*)h’lp; —k Inp'+Ae, [p—vrlj , (2.21)

where p', is the initial yield stress on the normal compression line, Ae, is an
additional voids ratio sustained by soil structure at p'=p| ., p. is stress history on

normal compression of structured clay and b is a destructuring index due to volumetric
deformation. The value of b depends on soil type and structure and generally b > 1 for
soft structured clays and b < 1 for stiff clays and generally 0 < 5 <30 (Liu and Carter,

1999; 2000). However the value of b is directly determined from plotting the
compression test result in the ln(Ae/Ael.)—ln( P/ p:) plane that the b is the

gradient of straight line pass through the origin.
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Figure 2.15 Idealisation of the isotropic compression behaviour of reconstituted and

structured soils (after Liu and Carter, 2002)

Following the tradition of MCC model, the structured clay behaviour is also
divided into elastic and virgin yielding behaviours by its current yield surface, which
is dependent on soil structure as well as stress history. Hence, the current yield surface
of structured clay, named the structural yield surface, is defined by its current stress
state, voids ratio, stress history, and soil structure. Similar to the original proposal by
Roscoe and Burland (1968), the yield surface of a structured soil in ¢— p’ plane is
assumed to be elliptical in shape and it passes through the origin of the stress
coordinates as illustrated in Figure 2.16. The yield function, for structured clays is

given by,

F:qz—sz'(p;—p'):O. (2.22)
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Figure 2.16 The yield surface for structured soils (after Liu and Carter, 2002)

Based on the compression equation (2.20), the total volumetric strain

increment for isotropic compression path is obtained as follows:

¢ :(1*—K*)L“,+bAe 0P, 4 0P (2.23)

v !

(1+e)p! (1+e)p. — (l+e)p’

For the general stress path, the elastic and plastic volumetric strain increment are

rewritten as:

(2.24)

5#:(1*—(‘)%%&( M j( or. (2.25)
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*

M : : : .
where (M* j represents the effect of anisotropic shearing path on the soil
-

structure. The terms of soil structure in plastic volumetric strain increment is
diminished at critical state line. Effect of the b on the compression and shearing

behaviour were studied by Liu and Cater (2002) as shown in Figures 2.17 and 2.18.
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Figure 2.17 Influence of parameter b on isotropic compression behaviour

(after Liu and Carter, 2002)
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The soil structure is assumed to influence the plastic direction via the modified

flow rule. Based on the literature, a structured clay with positive Ae generally has a
lower value for the strain increment ratio degf /de? than the corresponding

destructured soil at the same virgin yielding stress state (e.g., Graham and Li, 1985;

Cotecchia, 1996; Cotecchia and Chandler, 1997). The flow rule for structured clay is,

del kn
dg‘; = 7 (2.26)

v

where & is a flow rule multiplier, which describes the influence of soil structure on
the plastic direction. In the SCC model, the flow rule multiplier is assumed to depend

on the Ae as following equation,

k=2(1-wAe), (2.27)

where @ is a model parameter which is satisfied the constraint as:

0<w<—. (2.28)

This flow rule have been adopted by the other research for modelling the behaviour of
partially saturated clays (Alonso et al. 1990). McDowell and Hau (2004) have
presented the value of flow rule multiplier equal to 0.7M  for simulating stiff clay

behaviour with non-associated model.
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Following the yield surface for structured clay and modified flow rule, the
elastic and plastic stress-strain response of the SCC model can be derived in the

compliance relation as follows:

1y
s g
;) | o L |log)
3G"
S (2 —K*)+bAe[ M j (M"-n*) 2 ,
{EV}= Mo 2(1- ohe)y’ { p} (2.30)
ogr (1+e)p'(M*2+772) (1-wAe)n 7

2.6.1 Shortcoming of SCC model

Although, the influence of soil structure often produces anisotropy in the
mechanical response of soil to change stress, destructuration usually leads to the
reduction of anisotropy. In order to concentrate on introducing the physical concepts
of the framework and to avoid unnecessary complexity of mathematical formulation,
only the isotropic effects of soil structure are considered in the SCC model
framework.

The SCC model can predict the impressive results for the soils which are
not affected by cohesion intercept like natural soft clay. However there are some
imperfections for using the SCC model with the highly cemented clay. Those are from
(1) the effect of cohesion on the shape of yield surface, (2) The destructuration due to

shear deformation and (3) The effect of soil structure to plastic potential. Although the
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influence of structure and destructuration on the volumetric deformation is taken care
in the SCC model, the effect of cohesion intercept on the stress-strain behaviour and
the strain softening behaviour are ignored. However, based on the literature reviews,
the cohesion intercept and strain softening are main characteristics, which are usually
observed from testing on the structured stiff clays and artificially structured clays. The
cohesion intercept and strain softening behaviour are one of the topics of this research.
They are solved by the proposed model in Chapter III.

The prediction of soil behaviour in overconsolidated state is one of the
imperfections of the SCC model. The SCC model overestimates the failure stresses on
the 'dry' side (i.e. states to the left of the critical state line). This is due to the
assumption of the elastic response inside the yield surface. Based on this assumption,
the lack of smooth transition between elastic and plastic behaviours is usually
obtained when modelling the soil in overconsolidated state. Moreover, the modelling
of soils under repeated loading is another deficiency in the SCC model. The problem
for stress-strain-strength characteristic of overconsolidated structured clay is solved by
incorporating the bounding surface plasticity theory into the formulation of critical

state model for structured clay, which is presented in Chapter IV.

2.7 Summary

The critical state framework and its extensive theory have been reviewed in
this chapter. The advancement of soil models based on the critical state framework are
summarised and discussed. The effect of soil structure is one important topic, which is
the main problem of geotechnical practitioner for working with structured soils such

as natural and cemented clays. Gen and Nova (1993) presented a concept for
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modelling the behaviour of bonding materials that has a strong influence on some
recent developed models for structured clay in the last two decade. There are great
progresses on the development of soil model for structured clay by the advanced and
practical trends. One of the practical soil model based on the critical state framework
is the SCC model proposed by Liu and Carter (2002). The SCC model can be
successfully explained the naturally structured clay behaviour. The intrinsic
parameters from the MCC model are adopted together with the additional parameters
for describing the effect of soil structure. It is interesting that its model parameters are
derived from the comparison of test results between reconstituted and structured
states. Most of them can be obtained directly from the conventional laboratory.
However the SCC model needs to be improved for better simulation; those are the
effect of cohesion on the shape of yield surface, the destructuration due to shear
deformation, the effect of soil structure to plastic potential and the lack of smooth
transitional between elastic to plastic behaviours. Those topics are overcome by the

proposed model of this research, which is presented in the next chapters.
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CHAPTER III

A GENERALISED CRITICAL STATE MODEL FOR

STRUCTURED CLAY

3.1 Introduction

The inherent nature and diversity of the geotechnical process involved in soil
formation are responsible for the wide variation in soil structure. Natural clay can be
designated as “structured clay” (Leonard, 1972; Leroueil et al., 1979; Mitchell, 1996;
Shibuya, 2000; etc.). The term “soil structure” is determined by both the particle
associations and arrangements (fabric) and inter-particle forces (soil-cementation or
bonding). The resistance of soil structure is responsible for the difference in the
engineering behaviour of natural soils between the structured and destructured
(remoulded) states (Leroueil et al., 1979; Hanzawa and Adachi, 1983; Leroueil et al.,
1983; Leroueil and Vaughan, 1990; Mitchell, 1996; Shibuya, 2000; Horpibulsuk et al.,
2007). The development of soil structure during the depositional and post-depositional
processes has been reported by many researchers (Locat and Lefebvre, 1985; Mitchell,
1986; Schmertmann, 1991).

To improve soft ground with a chemical admixture such as the in-situ deep
mixing technique, the natural clay is disturbed by mixing wings and mixed with
cement or lime. The natural structure is destroyed and taken over by the cementation
structure. The cement- or lime-admixed clay is thus designated as “artificially

structured clay”. The mechanical properties of artificially structured clay have been
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investigated extensively (Wissa et al., 1965; Clough et al., 1981; Uddin, 1995;
Horpibulsuk, 2001; Miura et al., 2001; Nagaraj and Miura, 2001; Ismail et al., 2002;
Horpibulsuk et al., 2004a; Horpibulsuk et al., 2004b; and others).

In recent years, the rapid advances in computer hardware and the associated
reduction in cost have resulted in a marked increase in the use of numerical methods
to analyse geotechnical problems. The ability of such methods to provide realistic
predictions depends on the accuracy of the constitutive model used to represent the
mechanical behaviour of the soil. There has been great progress in constitutive
modelling of the behaviour of soil with natural structure, such as those proposed by
Gens and Nova (1993) and Vatsala et al. (2001). Some frontier research in
understanding and modelling the degradation of soil structure includes a kinematic
hardening model (Kavvadas and Amorosi, 2000; Rouainia and Muir Wood, 2000;
Baudet and Stallebrass, 2004). Most of the previous constitutive models are, however,
generally complicated and their model parameters are difficult to identify in practice
and do not take into account the key features of artificially structured clay, especially
the crushing of soil-cementation structure (Horpibulsuk et al., 2010).

Recently, there have been many models for structured clay developed based on
the Modified Cam Clay (MCC) model due to its simple pattern recognition. Chai et al.
(2004) have introduced the influence of structure on the compression behaviour and
then modified the equation to predict plastic volumetric strain of the MCC model.
Their model can simulate the volumetric deformation behaviour of naturally
structured clay well. Liu and Carter (2002) and Carter and Liu (2005) introduced a
simple predictive model, the Structured Cam Clay (SCC) model, for naturally

structured clay. It has been formulated elegantly by introducing the influence of
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structure on the volumetric deformation behaviour and the plastic strain direction into
the MCC model. The influence of structure on volumetric deformation is taken into
account by the additional voids ratio that is sustained by the soil structure (Ae). The
destructuring law due to volumetric deformation has been proposed as a decreasing
function of the Ae. The concept of the development of the non-associated flow rule
adopted in the SCC model is similar to that made by McDowell and Hau (2003) for
hard clay and sand, and by Horpibulsuk et al. (2010) for artificially structured clay.
Both the SCC model and the model proposed by Chai et al. (2004) have not
considered the influence of structure on strength characteristics (especially cohesion)
and softening behaviour when stress states are on virgin yielding state. Cohesion is
significant especially for stiff naturally structured clays (Callisto and Rampello, 2004)
and artificially structured clays (Wissa et al., 1965; Clough et al., 1981). To explain
the influence of structure on strength characteristics, Gens and Nova (1993), Kasama
et al. (2000) and Lee et al. (2004) have introduced the modified effective stress
concept. Based on this concept and the critical state framework, Kasama et al. (2000)
have introduced a model that can predict the strength characteristics for artificially
structured clay in normally and lightly over-consolidated states well. However, their
model cannot describe the strain softening in virgin yielding state, which is generally
observed as the soil-cementation structure is crushed (Miura et al., 2001; Nagaraj and
Miura, 2001; Vatsala et al., 2001; Horpibulsuk et al., 2004b; Horpibulsuk et al., 2005).
In the models proposed by Chai et al. (2004), Kasama et al., (2000) and Lee et al.
(2004), the associated flow rule was adopted. Thus, those models cannot explain the

influence of structure on the plastic strain direction, unlike the SCC model.
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To form a model suitable for structured clay based on the critical state
framework, the influence of structure and destructuring on the yield function,
hardening rule and plastic potential must be incorporated. Recently, Horpibulsuk et al.
(2010) have summarised the main features of cemented clay behaviour and introduced
the SCC model for cemented clay. In the model, the effective stress concept, yield
function, hardening rule and plastic potential have been developed to take into account
the effect of structure. Their model can simulate shear behaviour for both normally
and lightly over-consolidated states. Some modifications are needed, however, to
simply and practically implement the model for numerical analysis and to better
capture the main features of the artificially structured clay with the model parameters
simply obtained from a conventional laboratory.

In present study, attempts are made to develop a generalised constitutive
model based on the critical state framework for destructured, naturally structured and
artificially structured clays. The proposed model, designated as the Modified
Structured Cam Clay (MSCC) model, is formulated based on the SCC model for
cemented clay (Horpibulsuk et al., 2010). In this research, based on a quantitative
examination of test data describing the behaviour of cemented soils, the application of
the modified effective stress concept to describe the compression and shear behaviour
of structured clays is illustrated, and the yield function, hardening rule and plastic
potential are developed based on the modified effective stress concept. A new plastic
potential that reliably describes the effect of soil structure is introduced. A new
general destructuring law that describes the degradation and crushing of the structure
is also proposed. In this law, the destructuring is assumed to depend on the plastic

distortional strain. Both new plastic potential and destructuring law better explain and
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simulate the structured clay behaviour than those of the original models (Liu and
Carter, 2002; Horpibulsuk et al., 2010). The MSCC model is verified by simulating
the undrained and drained shear behaviour of destructured, naturally structured and
artificially structured clays under a wide range of pre-shear consolidation pressure
(both in normally and over-consolidated states). The naturally structured clays are
Osaka clay (Adachi et al., 1995) and Marl clay (Anagnostopoulos et al., 1991), and the
artificially structured clays are cemented Araike clay (Horpibulsuk, 2001;
Horpibulsuk et al., 2004b) and cemented Bangkok clay (Uddin, 1995). The simulated
shear behaviour of the same clay in both destructured and structured states using the
same destructured model parameters is illustrated by the test results of destructured
and artificially structured Ariake clay. This shows an advantage of the MSCC model

using the destructured state as a reference.

3.2 Conceptual framework of the MSCC model

The MSCC model is developed by generalising the theoretical framework of
the SCC model (Liu and Carter, 2002; Carter and Liu, 2005; Horpibulsuk et al., 2010).
The major aim of formulating the MSCC model is to provide a constitutive model that
is suitable for the routinely solving boundary value problems encountered in
geotechnical engineering practice. Therefore, it is necessary to keep the model
relatively simple. The model parameters can be simply determined from conventional
compression and triaxial tests. The formulation of proposed model in this study is

represented in the triaxial stress space via the well known state parameters (¢ and p").
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3.2.1 Modified effective stress concept and destructuring law

The influence of structure is regarded akin to the effect of an increase in
the effective stress and yield stress and, therefore, the yield surface (Gens and Nova,
1993; Kasama et al., 2000; Kavvadas and Amorosi, 2000; Rouainia and Muir Wood,
2000; Horpibulsuk, 2001; Baudet and Stallebrass, 2004; Lee et al., 2004; Horpibulsuk
et al., 2010). For artificially structured clay, the increase in the yield stress with
cement content is clearly understood from the compression and shear test results
(Miura et al., 2001; Horpibulsuk et al., 2004a; Horpibulsuk et al., 2004b; etc.).
Consequently, two samples of artificially structured clay under the same current stress
(pre-shear consolidation pressure) but with different degrees of cementation show
different stress-strain and strength characteristics due to the differences in the
structural state and yield surface. Thus, the modified mean effective stress concept for

structured clay is presented in the form:

p'=(p+p)-u, (3.1a)

p'=p'+p,, (3.1b)

where p'is the modified mean effective stress of structured clay or explicit mean
effective stress and p, is the mean effective stress that increases due to structure
(structure strength). When no cementation exists, the p, is null and the p'= p'. Thus,

the modified stress ratio can be expressed as follows:
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g=—I= . (3.2)
p+p,

Due to the p, caused by structure, the structured clay samples can stand

without applied confining stress. Considering that the strength envelope moves toward
the right, which establishes a zero cohesion intercept, the relationship between

deviatoric stress and mean effective stress can be proposed as follows,

q=M(p'+p,), (3.3)

where M is the gradient of the failure envelope in the g— p’ plane. Due to the
destructuring, p, decreases when the stress state is on the yield surface.

Based on the isotropic compression behaviour of structured clays, the
SCC model is formulated on the fundamental assumption that both hardening and
destructuring of natural soils depends on plastic volumetric deformation. It has been
demonstrated the model predicts accurate results for natural soil with weak or no
cementation (Liu and Carter, 1999; Liu and Carter, 2000a; Liu and Carter, 2002).
However, for stiff structured clay, the destructuring is mainly related to the plastic
strain, which depends on two parts: those are from volumetric deformation and shear
deformation (Kavvadas and Amorosi, 2000; Rouainia and Muir Wood, 2000;
Cotecchia, 2003; Baudet and Stallebrass, 2004; Lee et al., 2004; Kimoto and Oka,
2005). The destructuring mechanism is the process of reducing the structure strength,

p, » due to the degradation and crushing of the structure. In this study, the simplified

destructuring, is assumed to be related directly to the plastic deviatoric strain, & .
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The p, is constant up to the virgin yielding. During virgin yielding (when plastic
deviatoric strain occurs), the p, gradually decreases due to the degradation of
structure until the failure state. This failure state is defined as the peak strength state in
which the soil structure begins to be crushed. Thus, beyond this state, a sudden
decrease in p, occurs and continues to the critical state where the soil structure is
completely removed (p, =0). Figure 3.1 explains the reduction in p, due to
destructuring as the plastic deviatoric strain increases. The reduction in p, due to the

degradation of structure (pre-failure) and the crushing of soil-cementation structure

(post-failure) is proposed in terms of plastic deviatoric strain as follows,

Dy = Do exp(—gf,’ ) , for pre-failure (degradation of soil structure) (3.9
Py =Diy exp[—f(gj —&y; )], for post-failure (crushing of soil structure) (3.5)

where p,, is the initial structure strength, p, . is the structure strength at failure (peak
strength), ¢; , is the plastic deviatoric strain at failure and £ is the destructuring index

due to shear deformation. From equations. (3.4) and (3.5), it is noted that the change
in p, depends upon the plastic deviatoric strain, which is governed by the effective
stress path and the plastic potential.

The state boundary surface was first proposed by Roscoe et al. (1958) for

destructured (remoulded) clay. It is a normalised unique curve (Roscoe and Hvorslev

surfaces) in ¢/ p. and p'/ p!, where p! is the equivalent stress. The state boundary
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surface separates states that soils can achieve from states that soils can never achieve
(Atkinson and Bransby, 1978). It is known that this original state boundary surface
cannot describe structured clay behaviour (Cotecchia and Chandler, 2000; Callisto and
Rampello, 2004). The state boundary surface for structured clay can be generated
based on the modified effective stress concept as shown in Figure 3.2 (test results
were from Horpibulsuk et al., 2004b). The p| is the explicit mean effective yield

’
y

stress, which is the sum of p| and p,. p| is the equivalent stress for undrained

shearing. During virgin yielding (normally consolidated state), p) is equal to
(p,+ p,), where p; is the pre-shear effective stress or the yield stress in the isotropic
compression condition. For the overconsolidated state, p; is constant and equal to
(p,,+p,), where p| . is the initial mean effective yield stress obtained from the
compression curve. In this figure, p, is assumed to be p,, because the reduction in

p, due to the degradation of structure is insignificant in the pre-failure state for

cemented clay (Horpibulsuk et al., 2010). The degradation is insignificant because the
change in plastic deviatoric strain is usually small in the pre-failure state for stiff
(artificially) structured clay (Horpibulsuk, 2001; Horpibulsuk et al, 2004b;
Horpibulsuk et al., 2010). It is found that the normalised modified effective stress
paths for various cement contents during virgin yielding can be represented by a
unique curve. This surface can be referred to as the modified Roscoe surface. These
results show that the undrained stress paths on the state boundary surface are of the
same shape and consistent with one another. Samples inside the state boundary

surface, especially p'/ p; < 0.7, fail on the same failure line, which designated as the
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modified Hvorslev surface. The state boundary surface and the modified effective

stress concepts are fundamental to the development of the MSCC model.

A 1 =pioexp(-£])
p'bo *
% P ’bf 4 Peak strength
5 )
o
z 8
Q
&0 g r_ P P
o £ Py =Dy exp[—ﬁ(e‘d _‘gd,_/‘):|
‘a w2
s 8
L o
= =
- o
=
<
A .
»

V4

€as . . . .
Plastic deviatoric strain, ¢/
Figure 3.1 Schematic diagram of reduction in the p, due to destructuring process

3.2.2 Material idealisation
Structured soils usually possess anisotropic mechanical properties, and
destructuring usually leads to the reduction of anisotropy. It is observed that the
variation of mechanical properties of some artificially structured clays is basically
isotropic (Huang and Airey, 1998; Rotta et al., 2003). To concentrate on introducing
the effect of structure and destructuring and to avoid the unnecessary complexity of
mathematical details, only the isotropic effects of soil structure are considered in the

development of the MSCC model.
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Figure 3.2 Test paths in ¢/ p, : p'/ p, space for an undrained test on artificially

structured clay at 6%, 9%, 12% and 18% cement.

(data from Horpibulsuk et al., 2004b)

In the MSCC model, structured clay is idealised as an isotropic material
with elastic and virgin yielding behaviours. The yield surface varies isotropically with
plastic volumetric deformation. Soil behaviour is assumed to be elastic for any stress
excursion inside the current yield surface. Virgin yielding and destructuring occur for
stress variation originating on the yield surface. During virgin yielding, the current
stress of structured clay stays on the yield surface.

Based on an examination of a large body of experimental data, material
idealisation for the compression behaviour of structured clay is introduced in Figure
3.3a. Due to the structure, the structured clay can be stable above the intrinsic

compresion line (ICL) of remoulded clay. In other words, the structured clay
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possesses a higher voids ratio than the destructured clay at the same effective vertical

stress (Horpibulsuk, 2001). This stable state is defined as meta-stable (Mitchell, 1996).

!
»ii?

The compression strain of the structured clay is negligible up to the yield stress, p
because of the structure. Beyond this yield stress, there is sudden compression with a
relatively high magnitude, which is indicated by the steep slope and caused by the
destructuring. For further loading, the difference in the voids ratio between structured
and destructured states (Ae) decreases with stress level and finally diminishes at a

very high effective stress. Therefore, the virgin compression behaviour during the

destructuring process of structured clay can be expressed by the following equation,

e=e +Ae, (3.6)

where e is the voids ratio of structured clay and e’ is the voids ratio of destructured
clay at the same stress state. The ICL of destructured clay is generally expressed in the

form,

e =e.-Anp, (3.7)

where e,. is the voids ratio at a reference mean effective stress (1 kPa) of the ICL and

A" is the gradient of the ICL.

It has been proved that the compression equation for the additional voids
ratio (Ae) of naturally structured clay proposed by Liu and Carter (1999; 2000a) is
also applicable for artificially structured clay (Horpibulsuk et al., 2010). The

following compression equation for structured clay is proposed:
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!

’ b
e=¢ +Ae {p—j , (3.8)
Dy

where b is the destructuring index due to volumetric deformation, Ae, is the additional
voids ratio at the isotropic yield stress (Figure 3.3a) and p; is the stress history or

isotropic yield stress.

ICL (Reference)

A p;/,i
*
e*.
o | — ¢ Normal compression line of
| .
S ! structured soil: e=e*+Ae
£ !
8 € |tooo T
A EN |
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> : :
|
| -
! P >
1 In p’

.
.
.

.
Destructured surface
.

NB« v

P, D,

(b) Structural yield and destructured surfaces

Figure 3.3 Material idealisation for the MSCC model
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Based on the state boundary surface for structured clay, the yield loci are
of the same shape and consistent with one another. The yield surface of the MSCC
model is assumed to be elliptical for both structured and destructured clays
(anisotropic effect is not considered). By considering the effect of structure on the

yield surface, the proposed yield function of the MSCC model in g — p’ plane is given

by (Figure 3.3b),

F=¢-M*(p'+p,)(p,—p')=0. (3.9)

The MSCC model assumes that the gradient of the failure envelope and the critical
state line is the same. This concept has been employed in the previous works, such as
those by Muir-Wood (1990); Kasama et al. (2000); and Lee et al., (2004). The
structural and destructured yield surfaces are thus similar in shape (vide Figure 3.3b).
3.2.3 Stress states inside yield surface
As stated in the material idealisation, only elastic deformation occurs for
stress excursions within the virgin yielding boundary. The elastic response of

structured clay obeys Hooke’s law, i.e.,

set = 2P (3.10a)
Kl
oq
sec =24 3.10b
3G ( )

where K' is the bulk modulus and G’ is the shear modulus. When shear modulus is

constant, K' and Poisson’s ratio, ', are related to p', G’ and the elastic swelling
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index, «, as follows:

"(1+
g -P0re) (3.11)
K
3K'-2G'
- 3.12
Sy e Ye (.12

It was observed experimentally that the elastic deformation stiffness,
E'= 3(1 -2 y’)K ", generally increases with structure strength (e.g., Huang and Airey,

1998; Horpibulsuk et al., 2004b, etc.). This is reflected by equation (3.11) where the
bulk modulus is linked to x, which depends on structure strength.
3.2.4 Stress states on yield surface

Destructuring occurs with stress states on the yield surface for both
hardening and softening behaviours. For models in the Cam Clay family, the plastic
strain direction is determined from the plastic potential. Even though the MSCC
model employs a yield surface with a shape similar to that of the MCC model, the
original plastic potential is not used in the proposed model because the plastic
potential of the MCC model generally produces too much plastic deviatoric strain and
therefore leads to overprediction of the earth pressure at rest (McDowell, 2000;
McDowell and Hau, 2003). It was also shown that the plastic deviatoric strain
predicted by the original plastic potential is not suitable for artificially structured clay
(Horpibulsuk et al., 2010). The plastic potential proposed by McDowell and Hau
(2003) is modified by accounting for the structure effect. The plastic potential in the

MSCC model is thus introduced as follows;
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2

M2 ' ; v ! ! ! !
g (prrpth (P + ) =(p'+p})" | =0, (3.13)
pp+pb

where p’ is the parameter that describes the magnitude of the plastic potential and

is the parameter that describes the shape of the plastic potential. It should be noted that
the critical state strength M, a parameter widely used in the Critical State Soil
Mechanics, may vary with the Lode angle, &, in three dimensional stress space
depending on the methodology used for model generalisation (Khalili and Liu, 2008).
A simple and accurate function that represents M in terms of the € has been proposed

by Sheng et al. (2000) as follows:

20!

1/4
max{l+a4 (la4)sin36’} ’

M(0)=M (3.14)

where M is the slope of the critical state line under triaxial compression (6 =-30")

and the parameter « depends on a friction angle of soil at the critical state line, ¢', as
follows:

o= 3—sing

- , 3.15
3+sing’ G-15)

With this generalisation, the plastic potential is applicable for general stress states.
The shape of the plastic potential is shown in Figure 3.4 for various y-values and

p,=02p) and M = 1.2. For a completely destructured state (p’, = 0), this plastic

potential becomes that of the MCC model if y =2 is assumed.
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For stress states on the yield surface and with 7 <M (Jp, >0), both
volumetric hardening and destructuring occur. The plastic volumetric strain increment,
oe?, for the MSCC model is derived from the assumption that the plastic volumetric
strain depends on the change in stress history, dp; and the current shear stress. The

plastic volumetric strain increase during hardening is derived from equation (3.8) as

follows:

b (% M op;
% _{(’1 K>+bA{M—ﬁ}}(1+e)pg . (3.16)

Y is introduced to take into account the effect of current
-

The term

shear stress. The derivation of this equation has been provided by Liu and Carter

(2002; 2003). The effect of destructuring on the Je/ is reflected in the parameter b

and thus also in the S p; .
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Figure 3.4 Shape of the plastic potential for the MSCC model

During the softening process (77 > M and 6 p; <0), the effect of current

shear stress is not significant. The plastic volumetric strain increment during softening

is thus proposed as follows:

: op,
ol =14 —Kk)+bAe;—2—. 3.17

From the plastic potential (Equation 3.13) and the hardening rule
(Equations 3.16 and 3.17), the hardening and the softening behaviours can be

modelled in the same way as for other models in the Cam Clay family (Muir Wood,

1990; Liu and Carter, 2000b; Liu and Carter, 2003). When the stress state is on the

yield surface with 5<M , hardening occurs (the yield surface expands) due to the
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positive flow rule. Softening occurs when the stress state is on the yield surface with

5>M where the flow rule becomes negative, which causes the yield surface to
shrink.

The effect of ¥ and & on the shear behaviour is illustrated in Figures 3.5
and 3.6 using the model parameters listed in Table 3.1. The parameter y significantly

affects the plastic strain direction and, therefore, the stress-strain-strength

relationships. The effect of yw on the stress-strain-strength relationships for a
particular destructuring rate (a particular & of 30) is shown in Figure 3.5. It is noted
that as y decreases, the plastic deviatoric strain at failure, & ,, decreases while the
strength and stiffness increase. Figure 3.6 shows the effect of & on the strain-

softening behaviour for y with a value of 0.1. As & increases, the p, at post failure

decreases; thus, the deviatoric stress decreases more rapidly.
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Table 3.1 Parameters of the MSCC model for parametric study

Model . .
Parameters Values Physical meaning
A 0.16 Gradient of intrinsic compression in the e-In p' plane
« 0.001 Current Gradient of unloding-reloading line in e-In p
plane
* Voids ratio at reference stress (p' = 1 kPa) of intrinsic
e 2.86 R
compression line
b 0.3 Destructured index due to volumetric deformation
Ae; 0.75 Additional void ratio at the start of virgin yielding
M 1.10 Gradient of critical state ratio in the ¢ — p'plane
P'vo 500 Initial of bonding strength in the ¢ — p' plane (kPa)
. 600 Initial yield stress of isotropic compression line of
Pyi cemented soil (kPa)
v 0.1-0.99 Parameter define the shape of plastic potential
4 1-30 Destructured index due to shear deformation
G’ 30,000 Shear modulus in terms of effective stress (kPa)
o, 600 Confining pressure (kPa)

3.3 Application and verification of the MSCC model

In this section, the MSCC model is employed to simulate the compression and
shear behaviour of naturally and artificially structured clays. The capability of the
MSCC model is evaluated based on comparisons between model simulations and
experimental data. The following clays are evaluated: a destructured clay (Ariake
clay), two naturally structured clays (Osaka and Marl clays) and two artificially
structured clays (cemented Ariake and Bangkok clays). Some basic and engineering
properties of the natural Osaka and Marl clays and of the destructured Ariake and

Bangkok clays are presented in Table 3.2.
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Properties Osaka clay Marl clay Ariake clay Bangkok clay
Adachi et al. Anagnostopoulos Horpibulsuk .
Reference (1995) ot al. (1991) ctal (2004p) | Uddin (1995)
Specific density 2.67-2.70 2.72 2.70 2.67-2.69
Natural water content 65-72% 20-21% 135-150% 81.60-86.00
Liquid limit 69.2-75.1% 24-38% 120% 103%
Plasticity index 41.9-50.6% 2.5-12% 63% 60%
Liquidity 0.75-1.13 - 1.24-1.47 0.62
Sensitivity 14.5 - - 7.3
Activity 0.54 0.75-1.25 - 0.87
Clay fraction 44%" 13-24% 55% 69%
Silt fraction 49% 75-87% 44% 28%
Sand fraction 7% <12% 1% 3%
Confining pressure 20-235 kPa 98-4,000 kPa 50-4,000 kPa 50-600 kPa
In-situ voids ratio 1.67-1.92 0.55-0.60 3.65-4.05 2.20-2.44
Strain rate of 0.0061-0.00632° 0.009% 0.0075¢, 0.00257 | 0.009, 0.0018"
shearing (mm/min)
Sample type Intact Intact Cemented Cemented
Remarks: “ Less than 2u m, * Clay-sized fraction, ¢ Undrained test, ¢ Drained test,

* Water content = 180% before mixed with cement and

™ Water content = 120% before mixed with cement

The model parameter values are listed in Tables 3.3 and 3.4 for the naturally
and artificially structured clays, respectively. Parameters e'1c, A, &; P’y b and Ae;
were determined from the results of isotropic compression test and G’ was
approximated from the g—&, curve. The parameters denoted by an asterisk were
tested from a remoulded sample (Burland, 1990). In the absence of the ICL,
parameters e 1c and A can be approximated from the intrinsic state line in terms of the
liquid limit voids ratio (Nagaraj et al., 1998), which was achieved by Horpibulsuk
et al. (2010). The values of the strength parameters M and p,, were obtained by
plotting the peak strength in the ¢ — p' plane. The value for  was estimated from the
simulation of anisotropic compression test results of structured clay with different 7

values. The parameter y is determined as shown in Figure 3.7 for the artificially
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structured Bangkok clay. In the absence of the anisotropic compression test results, y
can be estimated from the stress-strain relationship. It is found that the y value
decreases with the degree of cementation. The y -value is close to 2.0 for the naturally

structured clays as shown in Table 3.3. It is 2.0 for Osaka and 1.5 for Marl clays.

Because & is a parameter that reflects the rate of strain softening, it is estimated from

the stress-strain relationship at post-failure.

Table 3.3 MSCC model parameters for the naturally structured clays

Model Parameters Naturally structured clays
Osaka Marl
A 0.147 0.025
K 0.027 0.009
e 1.92 0.67
b 0.6 0.7
Ae; 0.62 0.085
M 1.15 1.30
p'vo (kPa) 30 300
p'v.i(kPa) 100 4,150
G' (kPa) 3,000 45,000
£ 1 1
"% 2 1.5




Table 3.4 MSCC model parameters for the artificially structured clays
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Model Ariake Clay Bangkok Clay
Parameters | 4,=0% | 4,=6% | 4,=9% | 4,~18% | 4,=5% | 4,=10% | 4,=15%
A 0.44 0.44 0.44 0.44 0.26 0.26 0.26
K 0.08 0.06 0.024 0.001 0.02 0.01 0.005
e 1 4.37 4.37 4.37 4.37 2.86 2.86 2.86
b - 0.15 0.01 0.001 0.02 0.01 0.01
Ae; - 1.50 2.25 2.65 0.55 0.60 0.75
M 1.58 1.60 1.45 1.35 1.13 1.13 1.13
p'vo (kPa) - 50 100 650 60 400 500
p.i(kPa) - 50 200 1,800 150 430 600
G' (kPa) 4,000 | 6,000 8,000 | 40,000 | 14,000 | 16,000 | 30,000
& - 10 10 30 10 30 30
7 2.0 1.8 0.5 0.1 1.5 0.2 0.1

Table 3.5 MCC model parameters for the natural Osaka and cemented Ariake clays

Model Parameters Natural Osaka Cemented Ariake
Clay Clay (4,~9%)
A 0.147 0.44
K 0.027 0.024
e 1 1.92 4.37
M 1.15 1.45
p'.(kPa) 100 200
G' (kPa) 3,000 8,000

Table 3.6 SCC model parameters for the natural Osaka and cemented Ariake clays

Model Parameters Natural Osaka Cemented Ariake
Clay Clay (4,~9%)

A 0.147 0.44

K 0.027 0.024

e 1.92 4.37

b 0.6 0.01

Ae; 0.62 2.25

M 1.15 1.45
p'i(kPa) 100 200

G' (kPa) 3,000 8,000
v 2.0 0.5
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Figure 3.7 Determination of the y for artificially structured Bangkok clay

(data from Uddin, 1995)

Based on the parameters presented in Tables 3.3 and 3.4, the isotropic
compression behaviours of all four structured clays were simulated and compared with
experimental data as shown in Figure 3.8. The compression behaviour of both
naturally structured and artificially structured clays are well represented.

A comparison of the model simulations and experimental data for isotropically
consolidated undrained triaxial (CIU) tests on Osaka clay is shown in Figure 3.9. A
comparison of the model simulations and experimental data for isotropically
consolidated drained triaxial (CID) tests on Marl clay is shown in Figure 3.10. Unlike
a completely destructured clay, natural Osaka clay shows strain softening in the

(g —¢&,) relationship in both normally consolidated states and overconsolidated states.

This type of behaviour is frequently found in naturally structured soils (Burland, 1990;

Carter and Liu, 2005) and has been captured satisfactorily by the MSCC model. The
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model simulations and experimental data for the two sets of tests on natural soils are
in very good agreement.

The capacity of the MSCC model to describe the influence of cementation is
verified by simulating both undrained and drained shear behaviour of artificially
structured Ariake clay and Bangkok clay under different pre-shear consolidated
pressures and cement contents. Comparisons between the test data and model
simulations are shown in Figures 3.11 through 3.15 for the destructured and artificially
structured Ariake clay, and in Figures 3.16 and 3.17 for the artificially structured
Bangkok clay. It is interesting to note that the same destructured parameters can be

used to simulate the shear behaviour of clay in destructured and structured states.
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Figure 3.8 Simulation of isotropic compression curves of studied structured clays
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Figure 3.9 Comparison of experimental and simulated CIU test results of natural

Osaka clay

The critical state (very large strain) of the structured clay cannot be measured
due to the limitation of the triaxial apparatus. For the simulation, this state can

however be presented where the structure strength ( p,) is completely removed.

Overall, the general patterns of the behaviour of artificially structured clays, i.e., the
increase in stiffness and peak strength with cementation and the rapidness of the

reduction in deviatoric stress during strain softening, have been captured. The model
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simulations cover a wide range of cement contents (from 0 to 18% by weight) and a
wide range of pre-shear consolidated pressures (50 kPa to 3,000 kPa) and are made

with the model parameter values that are determined based on their physical meanings.
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Figure 3.10 Comparison of experimental and simulated on CID test results of natural

Marl clay
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3.4 Discussions

Based on the modified effective stress concept, yield function, hardening rule
and the plastic potential proposed, the methodology for simulating the stress-strain
behaviour of structured clay is simpler and provides better quantitative and qualitative
performance than the MCC model and the original SCC model. As seen in the

comparisons of the simulations shown in Figures 3.18 and 3.19, the performance of
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the MSCC model is significantly better than that of the SCC and MCC models. It is
found that the destructuring law proposed in terms of plastic deviatoric strain provides
a reasonably good simulation. The values of model parameters for the MCC and the

SCC are given in Tables 3.5 and 3.6, respectively.

120 100
£ 100} MSCC . &
= =
N N\
g g =
Q Q SCC
g § 4 1
< <
3 = CIU
= >
2 2 . Osaka clay | 8 20 Osaka clay | |
Experimental O o'.=118kPa Experimental v o'.= 59 kPa
0 | | | | 0 | | | |
0 6 12 18 24 30 0 6 12 18 24 30
120 \ \ I I 50 \ \ I T
= =
- -
= =
<=1 90 - - =) - é
s S g
2 i 2
i oo -
=3 a
L L
] =}
o 30 . o
b 8
Qo Q
% <
0 8]
0 | | | | 0 | | | |
0 6 12 18 24 30 0 6 12 18 24 30
Deviatoric strain, &; (%) Deviatoric strain, &; (%)
(a) Normally consolidated state (b) Overconsolidated state

Figure 3.18 Comparisons of experimental and simulated on CIU test results of

natural Osaka clay for different models



94

1200 : : 600 : :
- CID - CID
g 1000 4,=9% |7 2 4o 4,=9%
= - = i < o', = 50 kP:
: 800 o', =200 kPa | : 69 p a
3 MSCC s
@ 600 @ 300
.2 2
g L e - g
s 400 L e = /
> > 150
O O
Q200 A e
scc Experimental o
0 H 0 | | | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30

25 T T T T T 15 T T T T T
S 200 Mcc s
& /_ e &
o MSCC P enst e NP Ly o
= 15 |- e = =
& Prad &
2 2
5 10 |- SCcC = S
£ £
2 =2
S 50 _ S
> >

0 i | | | | | _5 | | | | |

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Deviatoric strain, & (%) Deviatoric strain, &, (%)
(a) Normally consolidated state (b) Overconsolidated state

Figure 3.19 Comparisons of experimental and simulated on CID test results of
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This model can be simply implemented into a numerical analysis. The MSCC
model is identical to the MCC model when clay is in a destructured state, i.e., Ae = 0
and p, =0. A study of the microstructure of some structured clays has shown that
some elements of structure remain in the clay even at very large strains or a
destructured state (e.g., Cotecchia and Chandler, 1998; Fearon and Coop, 2000). The
MSCC model also follows this premise. Even though the critical state lines in the
q— p' plane are the same for destructured and structured states, the critical state lines

in e—1In p' plane are not the same.
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In the MSCC model, the structured soil is treated as an isotropic elastic-virgin
yielding material. The two mechanisms are separated by the current yield surface. The
soil shows purely elastic behaviour when the stress state is inside the yield surface.
When the stress state reaches the yield surface, the plastic behaviour occurs. At this
point, there is a sharp change in the stiffness of the soil response, as shown in the
simulated results. Further development to obtain more precise simulation can be easily
attained by implementing a hardening equation during subloading into the model. The
implementation of a simple and predictive hardening equation in the original SCC
model has been successfully achieved for natural clay by Suebsuk et al. (2008).
However, the MSCC model is extended in Chapter IV to represent the subyielding
behaviour by incorporating with the bounding surface theory.

It is seen from the shearing test results that there is some discrepancy between
the model simulations and the experimental data in the volumetric deformation (e.g.,
Figures 3.13, 3.14 and 3.16). This discrepancy may be inherited from the Modified
Cam Clay model, which does not accurately simulate the behavior of destructured
Ariake clay (Figure 3.11). Further study on this topic is needed, perhaps with
considering the influence of anisotropy. Some frontier research accounting for the
influence of anisotropy has been reported in works by Rouainia and Muir Wood
(2000), Wheeler et al. (2003), Dafalias et al. (2006) and Taiebat et al. (2009). If the
influence of anisotropy on the yield loci is considered, the destructuring law should be
extended to include the reduction of anisotropy and isotropy during the destructuring
process.

The MSCC model is developed based on the simple predictive SCC model

with the purpose to solve some practical geotechnical problems. Although the model
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has 11 parameters, 6 parameters are the same as those used in the MCC model to
describe the basic mechanical properties of soil. The other parameters can be
determined or estimated relatively conveniently from conventional laboratory tests on
structured clay specimens. For practical use, the application of MSCC model in a
numerical analysis for solving geotechnical boundary value problems is presented in
Chapter V. Recently, some important works in numerical analysis with constitutive
models for structured soils such as those by Zhao et al. (2005), Karstunen et al. (2005)

and Liyanapathirana et al. (2009) have been published.

3.5 Conclusions

In this study, the MSCC model is developed by extending the simple
predictive SCC model. In the MSCC model, the destructuring law due to shearing is
proposed to describe the effect of degradation and crushing of the soil-cementation

structure on the reduction in p, . Destructuring begins when the stress state is on the
virgin yielding. p, gradually decreases due to the degradation of the structure until the

failure state. It rapidly decreases when the stress state reaches the failure state and is
completed removed at the critical state due to the crushing of the soil-cementation
structure. The effect of structure and destructuring is incorporated into the effective
stress concept, yield function, hardening rule and plastic potential to describe the
mechanical behaviour of structured clay during strain hardening and softening. The
methodology of modelling the shear behaviour of structured clay is simple, as in other
models of the Cam Clay family.

Simulations were performed using the MSCC model for different clays with

both natural and artificial structures under different pre-shear consolidated pressures,
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drainage conditions and cement contents, and these simulations were compared with
experimental data. Overall, a reasonable description of the influence of various types
of soil structures on soil behaviour has been achieved. It is seen that the MSCC model
has unified the clay behaviour in destructured, naturally structured and artificially
structured states into one consistent theoretical framework. Because the MSCC model
is simple and the model parameters can be determined from conventional laboratory
tests, the model has the potential to solve geotechnical engineering problems involving

various types of structured soils.
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CHAPTER 1V

A CRITICAL STATE MODEL FOR STRUCTURED

CLAYS IN OVERCONSOLIDATED STATE

4.1 Introduction

Reconstituted clay behaviour has been studied for the last four decades. The
critical state theory is one of the major developments of the constitutive model for
clays. The models of the Cam Clay family such as the Cam Clay (CC) model (Roscoe
and Schofield, 1963) and the Modified Cam Clay (MCC) model (Roscoe and
Burland, 1968) are used widely to describe clay behaviour in the reconstituted state.
The models give good agreement between experimental and model simulation results.
However, recent studies (Leroueil et al., 1979; Burland, 1990; Leroueil and Vaughan,
1990; Cotecchia and Chandler, 1997; Cotecchia and Chandler, 2000; Shibuya, 2000;
Horpibulsuk et al., 2007) have shown that natural clay is structured, and its behaviour
is different than its behaviour in the reconstituted state. Cement stabilised clay is also
identified as artificially structured clay (Miura et al., 2001; Horpibulsuk et al., 2004a;
Horpibulsuk et al., 2004b). The critical state theory, which is widely accepted for
simulating clay behaviour (Schofield and Wroth, 1968; Muir Wood, 1990), has been
extended to simulate structured clay behaviour by considering the effect of soil
structure (Gens and Nova, 1993; Kasama et al., 2000; Kavvadas and Amorosi, 2000;
Rouainia and Muir Wood, 2000; Liu and Carter, 2002; Baudet and Stallebrass, 2004;

Lee et al., 2004). Taiebat et al. (2009) have proposed a model taking into account the
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effect of destructuring and anisotropy on the stress-strain response. The Structured
Cam Clay (SCC) model (Liu and Carter, 2002) is a simple and predictive critical state
model for structured clays. It was formulated simply by introducing the influences of
soil structure on the volumetric deformation and the plastic deviatoric strain into the
MCC model. A key assumption of the SCC model is that both the hardening rule and
destructuring of structured clay are dependent on plastic volumetric deformation. A
simple elliptical yield surface with a non-associated flow rule is used for predicting
the behaviour of clays in naturally structured states. The SCC model successfully
captures many important features (particularly volumetric hardening/destructuring) of
the naturally structured clay behaviour with insignificant cohesion.

However, the cohesion and strain softening, which are generally very
significant for naturally structured stiff clays (Burland, 1990; Leroueil and Vaughan,
1990; Cotecchia and Chandler, 2000) and artificially structured clays such as cement-
stabilised clays (Wissa et al., 1965; Clough et al, 1981; Kasama et al., 2000;
Horpibulsuk et al., 2004b), cannot be taken into account by the SCC model. For better
simulation of cemented clays, the modified effective stress concept was introduced
into the SCC model (Horpibulsuk et al., 2010).

Suebsuk et al. (2010) developed a general constitutive model based on the
critical state framework for destructured, naturally structured and artificially
structured clays. The proposed model is the Modified Structured Cam Clay (MSCC)
model. It was formulated based on the SCC model for cemented clay (Horpibulsuk
et al.,, 2010). In the MSCC model, the influence of soil structure and destructuring
were introduced into the yield function, plastic potential, and hardening rule to

describe the mechanical behaviour of structured clays. The soil structure increases the
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mean effective yield stress under isotropic compression ( p!) and structure strength
( p,)- The destructuring mechanism in the MSCC model is the process of reducing the
structure strength, p, due to the degradation and the crushing of structure. The

destructuring, is assumed to be related directly to the plastic deviatoric strain, &”. The

destructuring behaviour of the MSCC model is divided into two parts for volumetric

deformation and shearing. The destructuring due to shearing causes a reduction in
structure strength that is directly related to the plastic deviatoric strain, &”. The strain

softening can be described by the MSCC model when the stress states are on the state
boundary surface.

In the MSCC model, a yield surface separates elastic behaviour (i.e., stress
states inside the yield surface) from elastoplastic behaviour (i.e., stress states on the
yield surface). However, in reality, even in the overconsolidated state, naturally
structured clays, artificially structured clay and many geomaterials often exhibit a
non-recoverable behaviour upon unloading and repeated loading (Burland, 1990),
which results in overestimation of the soil strength and the lack of a smooth transition
between elastic and elastoplastic behaviour. To obtain accurate predictions of the
deformational response, it is necessary to improve the MSCC model to better simulate
the soil behaviour in the overconsolidated state. It is noted herein that the traditional
term “overconsolidated state” is also used for structured clay to indicate the relative
position of the current stress in relation to its limit state surface or bounding surface
that the yield stress (stress history) is caused by both mechanical and chemical effects.

There are two well-known theories that have been developed for clays in the

overconsolidated state. One is the kinematic hardening or multi surface plasticity
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theory, which was originally applied to metal (Iwan, 1967; Mrdz, 1967). Recently, this
concept has been extended to some soil models for geomaterials (e.g., Al-Tabbaa,
1987; Stallebrass, 1990; Kavvadas and Amorosi, 2000; Rouainia and Muir Wood,
2000; Puzrin and Kirschenboim, 2001; McDowell and Hau, 2003; Baudet and
Stallebrass, 2004). However, the major setback of kinematic hardening model is that
the numerical computation is complex and requires considerable memory for the
configuration of the sub-yield and stress reversal surface. The other is the bounding
surface plasticity theory, which was introduced by Dafalias and Popov (1975) and
Dafalias (1975). Many models for overconsolidated soils were developed based on
this theory (e.g., Bardet, 1986; Dafalias, 1986; Dafalias and Herrmann, 1987; Whittle,
1993; Yu et al., 2007). Moreover, the bounding surface plasticity has been extended
for the unsaturated structured clay (Yang et al., 2008; Yang et al., 2010)

To keep a model simple for practical use, it is impossible to include all features
of the soil behaviour in a model. A complex model with many features should be
avoided because it may have hidden inaccuracies, numerical instabilities, lack of a
converged solution and others errors (Wroth and Houlsby, 1985). In present study, the
bounding surface theory was employed with the MSCC model to simulate the stress-
strain behaviour of overconsolidated structured clays because this theory is simple and
predictive. The proposed model is called the “Modified Structured Cam Clay with
Bounding Surface Theory” (MSCC-B) model. The MSCC-B model is presented in a
four-dimensional space consisting of the current stress state, the current voids ratio,
the stress history and the current soil structure. The MSCC-B model requires six
parameters in addition to the standard parameters from the MCC model. The five

parameters (b, Ae,, p,,, & and y ) are the same as those of the MSCC model and
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have clear physical meaning. A new constant material parameter, 4, is proposed in the
study to take into account the effect of the material type on the plastic hardening
modulus in the overconsolidation state.

Finally, the MSCC-B model is evaluated in the light of the model
performance. The MSCC-B model was implemented in a single element elastoplastic
calculation for simulating the behaviour of structured clays in both naturally and
artificially structured states. Test data over a wide range of the mean effective stress
and degree of cementation under both drained and undrained shearings were used in

the verification.

4.2 Formulation of the MSCC-B model

The bounding surface plasticity theory was introduced by Dafalias and Popov
(1975); Dafalias (1975). The salient feature of the bounding surface formulation is that
plastic deformation during subyielding is generally induced by the stress change inside
the yield surface as well as by the stress change originating on the current yield
surface. This stress change is caused by the expansion and contraction of the subsets
of the yield surface. It results in the variation of the plastic modulus during loading.
The subsets of the yield surface inside the current yield surface are referred to as the
“loading surface”. The loading surface varies isotropically with the change in plastic
volumetric deformation. During virgin yielding, the bounding surface expands and
coincides with the loading surface. For structured clay, the bounding surface is
modified as the structural bounding surface, which is affected by the soil structure.
The variation of the structural bounding surface is dependent on destructuring as well

as hardening, both of which are assumed to be determined due to the change in plastic
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volumetric deformation and plastic deviatoric deformation following that of classic
plasticity (Schofield and Wroth, 1968; Liu and Carter, 2003).

Based on the bounding surface theory and the framework of the MSCC model,
Figure 4.1 shows the schematic diagram for illustrating the change of stress state (e -
In p' plane and g-p' plane) under isotropic compression loading for path 1-6. Point 1 is
an initial in-situ state for a clay whose structural bounding surface is defined by

isotropic yield stress on SCL, p! and structure strength, p,. As loading continues

along stress path 1-2, subyielding occurs, and the loading surface expands (inside the
structural bounding surface). Supposing that the loading surface and the structural
bounding surface coincide at point 2, that is, p , = py , ,, virgin yielding commences at
this point and continues along the path 2-3.

Unloading starts at point 3 and continues along the stress path 3-4, i.e.,

Op.<0 and p# p;,. Subsequently, the current loading surface enters inside the

structural bounding surface. When the stress path changes direction again at point 4

withd p! >0, reloading then commences and continues along stress path 4-5. The
perfectly hysteresis loop is assumed for the MSCC-B model, and hence p, = p!,. At

point 5, the loading surface coincides with the structural bounding surface, i.e.,

! !

Pes=D,s- In this case, virgin yielding recommences at point 5 and continues for
loading along stress path 5-6. For isotropic condition, the expansion and contraction of
the loading surface is only dependent on the plastic deformation. The change of stress
state under shearing can be explained in the same way, but p,, decreases due to the

destructuring law (Equations 3.4 and 3.5). The plastic deviatoric strain influences the

stress path direction when 7 >0.
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Figure 4.1 Idealisation of bounding surface plasticity model for isotropic

compression of structured clays

4.2.1 Bounding surface theory with radial mapping technique
The bounding surface theory for modelling the elastoplastic deformation
of material with the radial mapping technique (Whittle, 1993; Yu et al., 2007) was
extended for this study. The structural bounding surface is defined by the stress

history, p; ., and structure strength, p, . The clay behaviour is divided into the virgin

yielding (p! = p;;) and subyielding ( p, < p;,), where p. is a reference size of
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loading surface. Similar to the MSCC model, the equation for the structural bounding

surface is assumed to be elliptical and can be expressed as follows:
F=q"-M*(p'+p})(p;, - ') =0. (4.1)

The loading surface is defined as the surface on which the current stress state remains.
For simplicity, the loading surface is assumed to be the same shape as the structural
bounding surface and with an aspect ratio similarly equal to M.
4.2.2 Plastic potential
The plastic potential adopted in the MSCC-B model is the same as that
proposed in the MSCC model as shown in equation (3.13).
4.2.3 Destructuring law
The volumetric hardening and destructuring rules presented in the
previous chapter (Equation 3.16) were adopted in the formulation of the hardening

modulus for the MSCC-B model with the assumption that p,, = p; and S p;, = p;.

The destructuring laws due to shearing presented in a previous chapter (Equations 3.4
and 3.5) are used in the MSCC-B model.
4.2.4 Mapping rule

The mapping rule is an essential part of a bounding surface theory based
on which the stiffness of soil deformation during subyielding is defined. A detailed
discussion on the significance of mapping rule can be found in a paper by Yang et al.
(2010). The original radial mapping technique was modified for structured clay in this
study since this method is both simple and effective for many conventional stress

paths. The image stress point on the structural bounding surface is used for
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determining the plastic volumetric strain. The schematic diagram for the mapping rule
is shown in Figure 4.2. An association between any stress point and the image stress
point is described by the intersection of the structural bounding surface with the
straight line passing through the origin and the current stress state, based on the
assumption that the hardening modulus at the current stress point (/) is related to the
hardening modulus at its corresponding image stress point (/) as well as to the ratio
of the image stress ratio (& ). The variation of & is assumed to be a function of both

the current stress state (g, p') and the image stress state (¢,, p') as follows:

a= ’ L, (4.2)

with 0<a <1. a for any p' and ¢ can be computed from equation (4.2) when p'
and ¢, are known. The p’ and g¢,values for any p;;, are determined from the

structural bounding surface (Equation 4.1). The parameter « becomes the unique

!

value (o P _9 :p—’o) at the critical state when p, is zero due to the complete
p

’
J J 0

removal of cementation structure (destrucuturing).
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Figure 4.2 Mapping rule for the MSCC-B model

4.2.5 Hardening modulus

a) Hardening modulus at an image stress point (H ;)
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Based on the state boundary surface theory, the variation of the

structural bounding surface (6 p, ;) is related to the plastic volumetric strain increment

(o). It is developed based on equation (3.16) as follows:

(1+e)p(’)j oet .

(i*—K)w{MM_ije V

-n

5p(’)j:

The differential form of the structural bounding surface is

oF ., OF or .,
a&pj +a—q5qj +——0p,; =0.

(4.3)

(4.4)
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Differentiating equation (4.1) with respect to py; ,

’ =-M*(p'+p.). 4.5)
apoj ( b)

Substituting equations (4.3) and (4.5) into equation (4.4),

oF oF
—8p +—6q. —-M*(p'+p|
o 0P g 00 (P'+p))

(1 + e) p(;j

(/1*—K)+[MM_JbAe

-n

Se” =0. (4.6)

The plastic strain increment in the subyielding state is defined in terms of the
hardening modulus, yield function and plastic potential in the same way as that in the
virgin yielding state as previously successfully done by Dafalias and Herrmann

(1980), Bardet (1986); Yu et al. (2007). Thus,

é}svpzi 8_17’517;+8_F5qj 8_G’ : 4.7)
H,\ dp oq op ;

Substituting equation (4.7) into equation (4.6),

(1+e)p(’)j oG

(i*—zc)+( M ijlap'

M -7

J , (4.8)
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where — | are given as

J

= ) -2(pi+p}) |- (4.9)

b) Hardening modulus at the stress point (H)
A specific feature of the bounding surface theory is that the hardening
modulus () is not only dependent on the location of the image point but also on a
function of the distance from the stress point to the structural bounding surface with

the following requirements (Dafalias and Herrmann, 1987; Khalili et al., 2005; Yu

et al., 2007):
H=+40 if a=0, (4.10a)
H=H, if a=1. (4.10b)

The restriction imposed by equations (4.10a, b) ensures that the clay behaviour is
almost purely elastic when the stress state is far away from the structural bounding
surface and that the stress point and the structural bounding surface move together
when the current stress state lies on the structural bounding surface. The hardening
modulus for the MSCC-B model under monotonic loading conditions is proposed to

satisfy the restriction equations (4.10a, b) as follows:
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H:Hj+(h-Hj,l.)-(l_a) , (4.11)

where 4 is the non-dimensional parameter describing the effect of material

characteristics on H and H,, is the initial hardening modulus at the image stress

point, which is calculated by equation (4.8).

4.2.3 Model parameters
There are 12 parameters for the MSCC-B model. Six parameters (A,

e;c , kK, M, p,, G orv') are the basic parameters adopted from the MCC model. The
other five parameters (b, Ae,, p,,, & and ) are the structural parameters describing

the hardening and destructuring behaviour for the original MSCC model. The last
parameter is /2, which is newly presented in this paper to describe the effect of the
material characteristics on the hardening modulus in the overconsolidated state. The
parameters denoted by a superscript * are the parameters tested with reconstituted
samples (Burland, 1990). The details of the parameter determination can be found in
the papers by Horpibulsuk et al. (2010) and Suebsuk et al. (2010). A new parameter 4
is presented in this paper to describe the effect of the material characteristics on the
hardening modulus in the overconsolidated state.

The effect of /# on the shear behaviour is illustrated in Figures 4.3 and 4.4
using the model parameters listed in Table 4.1. Figure 4.3a shows the effect of 4 on
the undrained stress path. It is clear that 4 significantly affects the hardening and

destructuring behaviour for structured soil in the overconsolidated state. An increase
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in /1 increases both the stiffness and strength of the clay, as shown in Figures 4.3a and
4.3b. A higher 4 results in a higher maximum deviatoric stress, which tends to
overestimate the soil strength (vide Figure 4.3b). The smoothness of the excess pore
pressure-deviatoric strain curve is illustrated in Figure 4.3c for various /4. At the same
deviatoric stress, a decrease in & leads to a larger deformation produced by the

shearing. Figure 4.4 presents the influence of /# on the relationship between o —¢&”

under drained shearing. The parameter / insignificantly affects the soil stiffness when

it is smaller than 1.

Table 4.1 Parameters for a parametric study on the effect of /

Model Parameters Physical Meaning Value Unit
A Gradient of ICL in e-In p' plane 0.147 -
e e Voids ratio at reference stress (p'= 1 kPa) on ICL 1.92 -
K Gradient of unloading-reloading line of SCL in e-In p' 0.027 -
Non-dimension parameter describing the destructuring
b . . . 0.6 -
by volumetric plastic strain

A Additional of voids ratio between ICL and SCL at yield 192 i

€ stress )

Pl Mean effective yield stress on SCL 100 kPa
M Gradient of critical state line in g-p' plane 1.2 -
G’ Shear modulus 3,000 kPa

Non-dimension constant parameter define the shape of
% . X 2.0 -
plastic potential

Do Initial structure strength on in g-p' plane 20 kPa

Non-dimension constant parameter describing the
& : : 10 -
destructuring by shearing
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The parametric studies (Figures 4.3 and 4.4) show that the destructuring
depends on both &” and ¢, . Its behaviour can be predicted by equations 3.4, 3.5 and
3.16. The plastic volumetric strain occurs at the early stage of loading. If o <1, the
stress state stays inside the structural bounding surface, and the destructuring is caused
by the change in plastic volumetric strain due to op’ and the degradation of soil
structure due to the deviatoric strain. The destructuring gradually occurs as shown by

the smooth stress-strain relationship. When « = 1, the loading surface and structural

bounding surface coincide, and the MSCC-B and MSCC models are the same.
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Figure 4.3 Influence of / on the soil behaviour under the undrained shearing test
(a) the stress path, (b) the stress-strain behaviour and

(c) the development of excess pore pressure
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Figure 4.4 Influence of / on the o —¢” curve under the drained shearing test

4.3 Performance of the MSCC-B model

In this section, the MSCC-B model is verified by a comparison between
measured and simulated data. The tested results for intact Pappadai clay (Cotecchia
and Chandler, 2000; Cotecchia, 2003) and cemented Ariake clay (Horpibulsuk, 2001;
Horpibulsuk et al., 2004b) were used for this verification. The physical properties of
both clays are presented in Table 4.2. The testing programmes of the Pappadai and
cemented Ariake clays are summarised in Tables 4.3. The model parameters were
obtained with the following steps:

a) The isotropic compression test results of structured samples and

reconstituted (remoulded) samples were taken to determine compression parameters.

The A" and e,. were determined from the intrinsic compression line, ICL (Burland,

1990). The three additional structural parameters ( p),,, Ae, and b) were determined
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from the structured compression line, SCL (Liu and Carter, 2002; Suebsuk et al.,
2010). The x was determined from the unload-reloading line of the structured sample.

b) Undrained and drained shearing test results of isotropic consolidated
structured clay were taken to determine the parameters (M, p,,, G', v, & and h) at
various isotropic yield stress ratios (YSRiso). The gradient of critical state line M and

initial structure strength p,, was obtained from the stress path (vide Figure 3.3b). The

shear modulus G’ was approximated from the g- ¢, curve. The parameters y and &
are dependent on the type of clays and the degree of cementation (Suebsuk et al.,
2010). The parameter y were estimated from the shape of the structural bounding
surface. For natural clay, the plastic potential is approximately elliptical, and y can
be taken as 2. For cemented clay, it is usually less than 2 (Suebsuk et al., 2010). The
parameter & was estimated from the stress-strain response, and its value is 1< & <100

(Suebsuk et al., 2010). The parameter 4 was obtained by plotting the simulated o- &”

curve compared with measured data.
Tables 4.4 and 4.5 present the input parameters selected for intact Pappadia

clay and cemented Ariake clay, respectively.
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Properties Pappadai clay Ariake clay
Reference Cotecchia and Chandler (2000); H(?rpibulsuk (2001);
Cotecchia (1996) Horpibulsuk et al. (2004b)
Specific density 2.73 2.70
Natural water content (%) 29.8-32.6 135-150"
Liquid limit (%) 65 120
Plasticity index (%) 35 63
Activity 0.42-0.72 1.24-1.47
Clay fraction (%) 50 55
Silt fraction (%) - 44
Sand fraction (%) - 1
In-situ voids ratio 0.68-0.90 3.65-4.05
Sample type Intact Cemented
Remarks: " Water content = 180% before mixed with cement
Table 4.3 Testing programme for triaxial test on the base clays
" before . Strain or
Base clay Sample No YSRiso Is,hearing ¢ bef(.)re Shea.r ng displacement
shearing condition
(kPa) rate
TN14 4.52 500 0.875 D 0.2-0.6%/day
TN15 2.825 800 0.8725 D 0. 189%/day*
Intact TN18 1.50 1,500 0.839 D 0.4%/day*
Pappadai TN17 1.00 2,500 0.766 D 0.189%/day”
clay TN5 3.22 700 0.895 U 4%/day*
TN3 2.167 1,042 0.862 U 4.3%/day’
TNI11 1.40 1,600 0.856 U 5%/day’
AW6-50 1.40 50 4.098 D 0.0025"
AW18-400 5.00 400 3.673 D 0.0025"
AW18-500 4.00 500 3.668 D 0.0025"
Cemented AW18-1000 2.00 1,000 3.657 D 0.0025"
Ariake clay | AW9-100 3.70 100 3.650 U 0.0075"
AW9-200 1.85 200 3.589 U 0.0075"
AW18-200 10.0 200 3.707 U 0.0075"
AW18-400 5.0 400 3.673 U 0.0075"
Remarks: U = Undrained test, D = Drained test, = d g, /dt and ™ mm/min
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Table 4.4 Parameters of the MSCC-B model for intact Pappadai clay

Test type Parameter/symbol Unit Value
A - 0.206
e - 3.17
K - 0.009
Isotropic compression test b - 0.1
Ae; - 0.32
Pl kPa 2300
h - 1000
M - 0.83
Drained or Undrained (? tﬁa 4(4)1’5(())0
shearing test P bo a
- 10
"% - 2.0
Table 4.5 Parameters of the MSCC-B model for cemented Ariake clay
Test type Parameter/symbol | Unit | 4, =6% A, =9% A, =18%
A - 0.44 0.44 0.44
e - 4.37 4.37 4.37
K - 0.06 0.03 0.01
Isotropic compression test b - 0.05 0.01 0.001
Ae; - 2.0 2.5 2.72
Pi kPa 70 370 2,000
h - 100 800 1000
M - 1.44 1.73 1.32
Drained or Undrained (,; kPa 4,000 8,000 40,000
shearing test Pbo kPa 50 5 730
£ - 10 10 10
% - 0.9 0.5 0.1

4.3.1 Isotropic compression
Figure 4.5 shows the comparison between the measured and simulated
data for the isotropic compression of intact Pappadai clay. The tested data can be
captured well by the model simulation. The smooth e—In p' curve for pre- and post-
yield states is seen. The meta-stable voids ratio, which cannot be degraded with the
increase in confining pressure, is predicted by the MSCC-B model. The lower the b,

the smaller the destructuring. Figure 4.6 compares the model simulation results of the
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isotropic compression curves with the measured data for the cemented Ariake clay at
different cement contents. The simulations were performed with a single set of
intrinsic parameters. The results show that samples with higher cement content exhibit
smaller destructuring, which is controlled by . The MSCC-B model simulation
broadly matches the experimental results better than the original MSCC model, which
cannot simulate the subyielding behaviour. From the comparisons, it is seen that the

destructuring by shearing does not affect the isotropic compression response, and thus

the simulation of isotropic compression is only controlled by six parameters (4", e,.,

K, p,.,band Ae).
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Figure 4.5 Comparison of measured and simulated isotropic compression tests of

intact Pappadai clay
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Figure 4.6 Comparison of measured and simulated isotropic compression tests of

cemented Ariake clay

4.3.2 Drained triaxial shearing
The results of the model simulation of isotropically consolidated drained
compression (CID) shearing of the intact Pappadai clay are shown in Figure 4.7. For

moderate to large deviatoric strain (&, = 0.1-20%), a constant shear modulus is

assumed throughout this simulation. The MSCC-B model gives more realistic
predictions than those predicted by the original MSCC model. The smooth stress-
strain relationship can be captured by the MSCC-B model. By comparison of the
stress ratio-deviatoric strain curve and volumetric strain-deviatoric strain curve, it is
seen that the MSCC-B model provides a very good simulation.

Figures 4.8 and 4.9 present the comparison of measured and simulated

data for the cemented Ariake clay at different cement contents. The test data covers
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the range of cement contents from 6% to 18% with the variation of confining stress
from 50 kPa to 1000 kPa. The smooth stress-strain response was simulated along the
loading path. The MSCC-B model gives good results for the stress-strain curve and
the volumetric deformation curve.
4.3.3 Undrained triaxial shearing

Figure 4.10 compares the measured and simulated results of the intact
Pappadai clay with various YSRiso from 7.50 to 1.50. Figures 4.11 and 4.12 compare
the measured and simulated results of the cemented Ariake clay at various YSRiso and
cement contents. It is found that the deviatoric stress and excess pore pressure versus
deviatoric strain can be predicted well by the MSCC-B model.

From the simulation of compressibility and shearing for naturally and
artificially structured clays, it is concluded that the MSCC-B model can describe the

influence of artificial cementation structure on soil behaviour.
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Figure 4.7 Comparison of measured and simulated CID test of intact Pappadai clay
(a) stress ratio-deviatoric strain curve and (b) volumetric strain-

deviatoric strain curve
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Figure 4.8 Comparison of measured and simulated CID test of cemented Ariake clay

with 6% cement content (a) stress ratio-deviatoric strain curve and

(b) volumetric strain-deviatoric strain curve
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Figure 4.9 Comparison of measured and simulated CID test of cemented Ariake clay

with 18% cement content. (a) Stress ratio-deviatoric strain curve

(b) Volumetric strain-deviatoric strain curve
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Figure 4.11 Comparison of measured and simulated CIU test of cemented Ariake

clay with

9% cement content. (a) deviatoric stress-deviatoric strain

curve and (b) excess pore pressure-deviatoric strain curve
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Figure 4.12 Comparison of measured and simulated CIU test of cemented Ariake

clay with 18% cement content (a) deviatoric stress-deviatoric strain

curve and (b) excess pore pressure-deviatoric strain curve
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4.4  Performance of the MSCC-B model compared with the original MSCC

model

To demonstrate the improvement of MSCC-B model, simulations of structured
soil behaviour made by the MSCC-B model are compared with those of the original
MSCC model as shown in Figures 4.13 to 4.15 for Pappadai clay. It is seen that there
are the following improvement in model simulation for MSCC-B.

a) The plastic deformation of soil within the yield surface is captured. This is
especially important for highly overconsolidated soils.

b) The peak strength and the smooth transition from hardening to softening
behaviours, for both drained or undrained situations, have been better represented by

the boundary surface theory. This improves the overall accuracy of stress and strain

relationship.
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Figure 4.13 Comparisons of experimental and simulated on isotropic compression test

results of intact Pappadai clay by MSCC and MSCC-B models
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Figure 4.14 Comparisons of experimental and simulated on CID test results of intact

Pappadai clay by MSCC and MSCC-B models
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Figure 4.15 Comparisons of experimental and simulated on CIU test results of intact

Pappadai clay by MSCC and MSCC-B models

4.5 Conclusions

Based on an extensive review of the available experimental data, a critical state
model with bounding surface theory to describe the mechanical behaviour of naturally
and artificially structured clays in the overconsolidated state was proposed. A
fundamental hypothesis of the development is that the hardening and destructuring of

structured clay are dependent on both the plastic volumetric strain and deviatoric
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strain. The key feature of the MSCC-B model is that the plastic deformation for stress
state inside the yield surface can be well-captured.

The hardening modulus for structured clay was formulated based on the
bounding surface theory with the radial mapping technique. It is suitable for
describing the compression and shearing behaviours of natural clays and cement-
stabilised clays under monotonic loading in the overconsolidated state. The MSCC-B
model can simulate the stress-strain-strength relationships of structured clays well
over a wide range of YSRiso. Generally speaking, a reasonable good agreement
between the model performance and experimental data is achieved. The model can be
used as a powerful tool for simulating structured clay behaviour in the

overconsolidated state.
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CHAPTER V

APPLICATION OF THE MODIFIED STRUCTURED

CAM CLAY MODEL IN FINITE ELEMENT

ANALYSIS

5.1 Introduction

The most widely used procedure for determining stress-strain-strength
characteristics of naturally and artificially soil is the triaxial compression test. The
conventional triaxial tests on artificially structured soils have been carried out for
investigation of the mechanical behaviour and verification of the constitutive model
during the last two decades (Huang and Airey, 1998; Kasama et al., 2000; Miura et al.,
2001; Ismail et al., 2002; Uddin and Buensuceso, 2002; Horpibulsuk et al., 2004;
Kamruzzaman et al., 2009). In the conventional triaxial test, the cylindrical soil
specimen with a height to diameter of 2 is assumed to be subjected to the axial and
radial compression stresses, which represent the three principal stresses. The axial and
radial strains are determined from the measured volume change and axial deformation.
The soil specimen would satisfy that assumption when it deforms uniformly during
the test and there is no shear stress, r developed in the specimen. However, many
effects can lead to the inhomogeneous behaviour during the triaxial test such as
geometry, end restraint, insufficient drainage, membrane effects, self weight,

instability of soil structure and etc. These effects cause the instability of
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material and the geometric instability of the deformation. Several numerical studies
have been carried out to investigate the inhomogeneous stress-strain behaviour of
reconstituted clay. Some studies of the finite element analysis have performed by
using the Modified Cam Clay (MCC) model (e.g., Carter, 1982; Airey, 1991; Sheng et
al., 1997). The MCC model has a limitation for describing the influence of soil-
cementation structure and destructuring, which are the main aspects controlling the
structured clays behaviour (Cotecchia and Chandler, 2000; Callisto and Rampello,
2004; Horpibulsuk et al., 2010). The instability of material is related to the strain
hardening or softening characteristics due to either the destructuring or crushing of
soil-cementation structure processes. An advancement of critical state models for
structured clays have been presented recently based on the MCC model (Asaoka et al.,
2000; Kavvadas and Amorosi, 2000; Rouainia and Muir Wood, 2000; Liu and Carter,
2002; Baudet and Stallebrass, 2004; Lee et al., 2004; Horpibulsuk et al., 2010;
Suebsuk et al., 2010).

Liyanapathirana et al. (2005) have studied the influence of destructuring
process on the inhomogeneous behaviour of triaxial specimen of naturally structured
clay by a finite element analysis using the Structured Cam Clay (SCC) model (Liu and
Carter, 2002). For the simulation of the inhomogeneous soil behaviour of artificially
structured clay in a triaxial test, a realistic constitutive model is required. Such a
model should take into account for the important features of structured soil behaviour.
Although the SCC model can present the volumetric hardening and destructuring of
structured clay behaviour well, it has limitations for predicting the strain softening
behaviour and does not consider the cohesion effect, which are the key features of

highly structured and cemented soil (Horpibulsuk et al., 2010).
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The Modified Structured Cam Clay (MSCC) model (Suebsuk et al., 2010) is
one of the simple and rational models, which can well predict the volumetric
hardening and softening processes of destructured and structured clays. Although the
MSCC model shows a good performance in single soil element analysis, the
applications to boundary value problems are limited. The implementation of the
MSCC model into numerical analysis, such as finite element method, is therefore
required for an application in geotechnical practices.

The aim of the present study is to extend the MSCC model into the generalised
stress space by the assumption that the shape of failure surface in deviatoric plane
follows the function proposed by Sheng et al. (2000). The continuum Jacobian of the
MSCC model have been formulated and implemented into the finite element code to
study the inhomogeneous stress-strain-strength behaviour influenced by an increase in
the degree of soil cementation structure. The MSCC model formulated with a
continuum Jacobian has been coded into the commercial finite element program,
ABAQUS (2009) by the user subroutine, named UMAT. The generalised MSCC
model has been used to study a triaxial compression test of cemented clays specimen
with various cement contents under drained and undrained conditions by a couple
hydro-mechanic finite element analysis. The influence of structural properties on
degree of inhomogeneity is studied. The simulation has been made to illustrate the
effect of soil cementation structure under various cement contents and initial stress
states. The triaxial specimen with a height to diameter ratio of 2 and axisymetric
problem has been considered for the simulation. The distribution of stress and strain in
the cemented specimen for different structural properties is compared with those of

the reconstituted specimen under various isotropic yield stress ratios (YSRiso,
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p,/ p}). Finally, the key aspects of finite element simulation of cemented clay are

summarised and discussed.

5.2  General formulation for finite element implementation

The key procedure in finite element analysis of material non-linearity involves
integrating the stress-strain relations to obtain the unknown increment in the stresses.
These relations define as a set of ordinary differential equations. However, the finite
element deals with the incremental calculation, so the differential equations cannot be
directly used in the finite element procedures. Methods for integrating those equations
are required. Existing approaches for integrating stress-strain relations at Gauss point
can be classified as explicit or implicit schemes. In an implicit scheme, the yield
surface, plastic potential gradients and hardening law are evaluated at unknown stress
states and the resulting system of non-linear equations must be solved iteratively. A
Newton scheme is popularly used for this purpose. However, in the Newton scheme,
the second derivatives of the yield function and plastic potential are required to
implement the iteration. This leads to inconvenient formulation for complex plasticity
model such as critical state model. In an explicit integration scheme, the yield surface,
plastic potential gradients and hardening law are all evaluated at known stress states
and no iteration is strictly necessary to predict the final stresses. The explicit scheme
employs the standard elastoplastic constitutive law and requires only first derivatives
of the yield function and plastic potential. It has an advantage of being more
straightforward to implement for finite element analysis. The explicit scheme has also
successfully been applied to many critical state soil models (Potts and Gens, 1985;

Britto and Gunn, 1987; Sheng et al., 2000; Luccioni et al., 2001; Sheng and Sloan,
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2001; Zhao et al., 2005). The explicit stress integration is adopted in the present study.
The general formulation for explicit scheme is presented in this section.
5.2.1 Stiffness equation and stress integration
During a typical step or iteration of an elastoplastic finite element
analysis, the forces are applied in increments and the corresponding nodal
displacement increments are found from the global stiffness equations. The following

system of ordinary differential equations is to be solved,
do=|D,, |de, (5.1)

dh=diA, (5.2)

where do and de are the rate of stress and strain, respectively, dh is the rate of
hardening parameter. The elastoplastic stiffness matrix, [Dep} and plastic multiplier,

d A can be defined by a set of equation as follows,

AZHE (o)

: (5.3)
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(5.6)
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In the above equations, [D,] is the elastic stiffness matrix, X is the elastic bulk

modulus, G is the elastic shear modulus and H is the hardening modulus.

To integrate Equations 5.1 and 5.2 numerically, it is convenient to

introduce a pseudo time, 7, defined by

T=(t-t,)/At,

(5.8)
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where 7, is the time at the start of the load increment, ¢, + Az is the time at the end of

the load increment, and 0 <7 <1. Since d7/dt=1/At, Equations 5.1 and 5.2 can be

rewritten as follows:

do’ , oG

ﬁ:[D@}Ag:Ao—e —A/I[De]{%}, (5.9)
dh _ dANtA =ALA, (5.10)
dr

where
T T
{ZF} [D,]Ae {ZF} Ao,
AL = o - o , (5.11)

ot Ao {5 e

Equations 5.9 and 5.10 define a classical initial value problem to be integrated over
the pseudo-time interval 7 =0 to 1.
5.2.2 Isotropic hardening plasticity implementation
The algorithm for an explicit integration (Euler’s forward scheme) with a
continuum Jacobian is summarised as follows. All quantities are assumed to be given

at time, ¢, that is, at the start of the time increment:
(i)  Determine the yield function, F = f(o,h).

(i) Determine if actively yielding, Is F > 0?

(iii) Determine the plastic multiplier,
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T
() e
F>0, Al= g or F<0, AA=0. (5.12)

2]l

(iv) Determine stress and isotropic hardening increments,

{Aa}=[De]{Age}=[De]{Ag—Al-a—G}, (5.13)

oo
A= f(Ae!). (5.14)

(v) Update all quantities to the end of the time increment, using Euler’s

forward scheme,

o,.,=0+Ao, (5.15)
gh,, =" +Aeg", (5.16)
h,, =h+Ah. (5.17)
(vi) Determine Jacobian,
)2 (o)
[7]=[D.]- - (5.18)

2l

(vil) End.
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5.3 Generalisation of the MSCC model into the three-dimensional

stress space

The ¢g and p’ are used to describe the formulation of MSCC model entirely in
Chapter III, which are related to the conventional triaxial test. However, the
geotechnical applications deal with either the two-dimensional (axisymmetry or plain
strain) or three-dimension problems that the stresses and strains are in the generalised
form. Thus, to extend the MSCC model to a generalised stress space, the stress state is
reformulated in this section. The yield surface and plastic potential shapes extended in
deviatoric plane are presented and the variations of those surfaces over stress change
are derived.

5.3.1 Yield surface and plastic potential shapes

In the finite element formulation, the MSCC model has generalised into
the three dimensional stress space by making some assumption about the shapes of the
yield and the plastic potential surfaces in the deviatoric plane. The simplest
generalisation is to assume a circular shape (Roscoe and Burland, 1968). However, it
is well known that a circle does not provide a good representation of the failure
condition for soils whereas a Mohr-Coulomb type of failure criterion is more
appropriate. The yield surface and plastic potential functions presented in Chapter I11

have introduced by the Lode angle (&) as follows,
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2 2 ' ' r_t
po O M(n)por)_ (5.19)
(po+p}) (py+p})
2 2
2 2 i i i i
G=—9 M (p,erﬁJw—(p,erﬁJ -0, (5.20)
(p,+p) 1w Pp+ps P, +p,

The gradient of critical state line (M) is expressed as a function of &, which is

assumed to satisfy the failure envelope proposed by Sheng et al. (2000) as follows:

1
20!

"
e {l+a4 (1a4)sin39} ’

M=M

(5.21)

3—sing’

where a = —,
3+sing

¢' is a friction angle of the soil at critical state and M___ is a

gradient of critical state line under triaxial compression test (€ =-30°) in the ¢"-p
plane. The shapes of the yield and plastic potential surfaces in the deviatoric plane are

shown in Figure 5.1.
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Sheng et al. (2000) A Mohr-Coulomb
(Equation 5.21)

Circle (¢=1)

0 =1+30°

0 =1+30°

Figure 5.1 The shapes of the yield surface and plastic potential in deviatoric plane

5.3.2 Derivation of yield and plastic potential equations in the generalised
form
Based on the yield and plastic potential equations for the MSCC model
proposed in Chapter III, the differentiating values with respect to stress, o, are
derived by the application of chain rule as follows,
8_F_8_F81J+8_F%+8F oM 06

= s (5.22)
do 0Op' 0o 0q do OM 06 oo
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In case of o =1.0 (circular), M =M
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hence,
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In case of & =1.0 (circular), M =M, hence,
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The hardening modulus for the MSCC model can be formulated as follows,

o VO L OF
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5.4 Numerical model

The implemented MSCC model described above has been used in the
numerical study of triaxial specimen of cemented clays. The structural properties for
the MSCC model have been calibrated from the triaxial compression test of cemented
Ariake clays. They were carried out under various cement contents and initial stress
states (Horpibulsuk, 2001; Horpibulsuk et al., 2004). The inhomogeneous stress and
strain behaviour during volumetric hardening and softening of triaxial test due to the
effect of soil-cementation structure is studied. A couple hydro-mechanic analysis was
used in the calculation, which is provided by the commercial finite element program,
ABAQUS (2009). The pore pressure development is governed by the continuity
equation, which is coupled to the equilibrium equation through the rate of volume
change and the effective stress theory. This is the couple Biot-type consolidation
(Small et al., 1976). The MSCC model was coded in FORTRANO90 following the
Euler’s forward algorithm as presented in section 5.2.2 and then it was implemented
into the unified finite element program, ABAQUS via a user subroutine, namely
UMAT.

In order to investigate the effect of structural properties on the inhomogeneous
stress and strain behaviour in triaxial specimen, the parameters such as the aspect ratio
of specimen, the type and number of element and the boundary conditions are kept
constant.

5.4.1 Model configuration and boundary condition

The radial x-y plane of a quarter triaxial specimen, 0.025 unit in radius
and 0.05 unit in height, is discretised into 50 elements with 8-node axisymmetric bi-

quadratic elements. The pore pressure is set as the third degree of freedom at the
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corner nodes. The model configuration is set up as shown in Figure 5.2. The top
boundary is only allowed to have vertical movement, while the fixed boundary
conditions are used for the horizontal displacement at the left end and the vertical
displacement at the bottom end. Particularly, the boundary on the right corner of a
specimen is set as horizontal fixed for perfectly rough contact and is set as free end for
idealised smooth contact. The degree of inhomogeneity is investigated by comparing
the stress and strain behaviour of perfectly rough contact case with that of the
idealised smooth contact case. During the drained condition, the top and right
boundaries are set as permeable, whereas all boundaries are set as impermeable under
undrained condition. An global axial strain (&,) of 30% is motivated for soil sample at
different rates dependent on the test condition. The strain rate are set as 5x10™ m/s for
drained condition and 5x10™ m/s for undrained condition. The local stress path and

stress strain curves were investigated at certain points within the specimen. Those are

element No.1, 5, 23 and 45 as shown in Figure 5.2.
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Figure 5.2 Finite element model configuration

5.4.2 Soil model parameters
The model properties for cemented Ariake clay with different cement
contents are listed in the Table 5.1. The determination and physical meaning for each
parameter are clearly described in the paper by Suebsuk et al. (2010). The intrinsic
properties for reconstituted Ariake clay tested are denoted by an asterisk. The other
properties are dependent on the soil cementation structure, which were determined
from laboratory test results. The initial condition for the simulation is listed for

various yield stress ratios in the Table 5.2



Table 5.1 The MSCC model parameters for Ariake clay
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Parameters Ariake clay
A, = 0% (ref.) A,y =6% Ay =9%

A 0.44 0.44 0.44

K 0.03 0.01 0.008

M 1.58 1.60 1.45

M 0.25 0.25 0.25
p;,,» 200 50 200

ejc 4.37 4.37 4.37

Ae, - 1.5 2.25

b - 0.15 0.01

v 2.0 1.8 0.5
Pho - 10 100

& - 10 10

k 1x10? 1x10? 1x10?

Table 5.2 Initial condition for the simulation
Initial value \ NC \ (0]6
(a) Uncemented and 9% cement content
Initial mean effective stress (kPa) | 200 | 100 | 67 | 50 | 40
Coefficient of earth pressure, Kj 1.0
YSRiso 1.0 | 20 | 30 | 40 | 50

(b) 6% cement content

Initial mean effective stress (kPa) 50 | 25 [ 167 [ 125 [ 10
Coefficient of earth pressure, Ky 1.0
YSRiso 1.0 | 20 | 30 | 40 | 50
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5.5 Numerical results and discussions

5.5.1 Drained triaxial shearing
The end restraint in the case of perfect rough contact regards akin to an
additional confinement at the ends of a specimen (Sheng et al., 1997). It prevents the

soil mass from moving outwards freely therefore inducing shear stress, 7, . The

distribution of the 7, within a specimen tested at global axial strain, &, =0.3 under

drained condition is shown in Figure 5.3 for different cemented states and YSRiso. In
Figure 5.3a (uncemented state), the 7 develops from the end edges into a specimen
in a X-shape and increases with increasing the global axial strain. It is seen that the

7,, decreases with increasing in the YSRiso. It is because the higher confinement for

lower the YSRiso prevents the lateral deformation of soil mass. This leads to the small
displacement at the ends of specimen. Normally consolidated (NC) specimen shows

that the higher 7, at end edge and more concentrated displacement in the centre of
the specimen than those of overconsolidated (OC) specimen. For cemented soil (6%

and 9% cement), sample with higher cement content show the higher 7 at the end

edge. In the same way, the 7, is diminished at the centre of the uncemented and
cemented specimens. The X-shape concentration of 7, leads to the localisation of
shear deformation and eventually the formation of shear band (Lade, 1982). The
occurrence of the 7 causes the non-uniform deviatoric stress, plastic volumetric
strain and plastic deviatoric strain. At large global axial strain, both of the uncemented

and cemented specimens deform in the same way as a barrel shape. In contrast, the 7

does not develop in the x-y plane during the idealised case with perfectly smooth
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contact, which means that the axial and radial stresses are the principal stresses and
the specimen deforms uniformly along the loading path.

The distributions of deviatoric stress, plastic volumetric strain and
deviatoric strain for uncemented and 6% and 9% specimens in normally consolidated
state are shown in Figures 5.4, 5.5 and 5.6, respectively. The stress and strain
behaviours of both uncemented and cemented specimen are of the same pattern. The
non-uniformity increases as the global axial strain and cement content increase. The
centre of the specimen experiences both the largest deviatoric stress and the largest
deviatoric strain. However the stress concentration occurs at the end edges of a
specimen. For OC state (YSRiso = 5.0), the distributions of deviatoric stress, plastic
volumetric strain and deviatoric strain for uncemented and 6% and 9% cement
specimens are shown in Figures 5.7, 5.8 and 5.9, respectively. Compared to the NC
state, the specimens in OC state display higher displacement at the middle than that at
the end edge. Another observation from the OC specimen is that the inhomogeneity of
volumetric deformation (degree of consolidation) due to the end restraint decreases as
the strength of soil cementation structure increases.

The local stress-strain and volumetric behaviours for uncemented and 6%
and 9% cement specimens in NC and OC states are shown in Figures 5.10, 5.11 and

5.12, respectively. The development of 7, leads to the difference in deviatoric strain

for each local element. For uncemented specimen, the inhomogeneous behaviour
increases with increasing the YSRiso. The inhomogeneous behaviour of cemented
specimen increases with increasing the YSRiso and the cement content. At the same
stress state, the specimen with 9% cement content (Figure 5.12) displays more

pronounced inhomogeneous behaviour when compared to the uncemented specimen
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(Figure 5.10). The inhomogeneous behaviour of specimen starts when the stress state

of local element reaches the 60-75% of peak strength state (77 >M ). The local
elements show the different peak strengths on the g—¢&, curves, whereas the

maximum deviatoric stress is at the element No. 45. Compared to the idealised
perfectly smooth contact, the local stress-strain and volumetric behaviours increase the
degree of inhomogeneity with increasing the isotropic yield stress ratio (YSRiso) and
the strength degree of soil cementation structure.

The strain softening of soil particle induces the inhomogeneous
behaviour; therefore, the development of the shear band and strain localisation of soil
specimen. Because of the localisation of soil sample is directly related to the
development of inhomogeneous deviatoric strain caused by end restraint or
insufficient drainage. In other words, the inhomogeneous behaviour of triaxial
specimen increases from the difference in residual deviatoric stress at each local
element on the soil specimen, which is caused by the strain softening.

In order to understand the influence of soil structure on the degree of
inhomogeneous, the local stress-strain and volumetric behaviours of 0% and 9%
cement specimens at the same initial condition are demonstrated in Figure 5.10 and
5.12, respectively. The cemented specimens with higher structure strength, and Ae

show more stress inhomogeneities than the uncemented specimen.
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(a) Uncemented state (p',; = 200 kPa)
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(b) Cemented Ariake clay with 6% cement content (p',; = 50 kPa)
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(c) Cemented Ariake clay with 9% cement content (p',; = 200 kPa)
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Figure 5.3 Distribution of shear stress, 7, in uncemented and cemented Ariake clay

specimen under drained triaxial compression test with various cement

content and YSRiso (at & = 30%)



167

&=10%

5, Mises SDYE j={bth e}

{Avg: 75%) (Ava: T5%) (Avg: 75%)
+3.313e+02 $1A77e-01 +5.2108-02
+3.233e+02 Titdient +7.9778-02
+3.153e+02 T1t04e.01 +7.744e-02
+3.073e+02 T169s.01 +7.512e-02
+2.993e+02 T1n3ie.01 +7.2798-02
+2.313e+02 Yoaa7e.07 +7.0478-02
+2.833e+02 Yatare.05 +6.5148-02
+2.753e+02 1a517e.05 +6.581e-02
+2.673e+02 18550505 +6,3498-02
+2.593e+02 tB487e-02 +6.116e-02
+2.513e+02 181276-07 +5.55de-02
+2.4338+02 1975600z +5.651e-02
+2.3538+02 Triateas +5.418e-02

&=20%

5, Mises SDWS SDY13

(Avg: 75%) (Avg: 75%) (Avg: T5%)
+5.655e+02 +2.407e-01 +1.96de-01
+5460e+02 +2.313e-01 +1.867e-01
+5.265e+02 +2.219e-01 T
+5.071e+02 +2.125e-01 T
+4.876e+02 +2.031e-01 ¥
+4.68Le+02 +1.937e-01 ¥
+4.486e+02 +1.843e-01 +
+4.292e+02 +1.749e-01 T
+4.097e+02 +1.6558-01 i
+3.902e+02 +1.561e-01 +
+3.708e+02 +1.4b7e-01 +
+3.513e+02 +1.373e-01 +&
+3.318e+02 +1.2758e-01 +&.014e-02

& =25%

S, Mises sDve SDW13

(Avg: 75%) {Awg: 75%) (Avg: 75%)
+7.489e+02 +3.06de-01 +2.751e-01
+7.168e+02 +2.922e-01 +2.591e-01
+6.847e+02 +2.760e-01 +2.430e-01
+6.525e+02 +2.,635e-01 +2.270e-01
+6.204e+02 +2.435e-01 +2.109e-01
+5.883=+02 +2,353e-01 +1.949-01
+5.561e+02 +2.211e-01 +1.7892-01
+5.240e+02 +2.068e-01 +1.6252-01
+4.919e+02 +1.926e-01 +1.468e-01
+4.537e+02 +1.7648-01 +1.307e-01
+4.2768+02 +1.641e-01 +1.147e-01
+3.9558+02 +1.499e-01 +3.8652-02
+3.6338+02 +1.357e-01 +8.2612-02

&=30%
S Mises' SDus SDW13
(Awg: 75%) (Avg: 75%) (Avg: T5%)
+9.707e+02 +3.7326-01 +3.705e-01
+3.2228+02 +3.538e-01 +3.46de-01
+8.7378+02 +3.343e-01 +3.222e-01
+8.252e+02 +3.1498-01 +2.981e-01
+7.767e+02 +2.9548-01 +2.740e-01
+7.2628+02 +2.760e-01 +2.499e-01
+6.7978+02 +2.565e-01 +2.258e-01
+6.3128+02 +2.371e-01 +2.016e-01
HEE b +2.176e-01 +1.7758-01
ot +1.982e-01 +1.534e-01
Taa3stTos +1.787e-01 +1.293e-01
e O +1.593e-01 +1.052e-01
: +1.3988-01 +5.105e-02
. . . . . ) . . . . )
(a) Deviatoric stress, g (b) Plastic volumetric strain, &/ (c) Plastic deviatoric strain, &}

Figure 5.4 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and
(c) plastic deviatoric strain under drained triaxial test of

normally consolidated uncemented Ariake clay (YSRiso = 1.0)
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Figure 5.5 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and
(c) plastic deviatoric strain under drained triaxial test of
normally consolidated cemented Ariake clay with 6% cement content

(YSRiso = 1.0)
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Figure 5.6 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and
(c) plastic deviatoric strain under drained triaxial test of
normally consolidated cemented Ariake clay with 9% cement content

(YSRiso = 1.0)
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Figure 5.7 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and

(c) plastic deviatoric strain under drained triaxial test of

overconsolidated uncemented Ariake clay (YSRiso = 5.0)
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(c) Plastic deviatoric strain, &/

Figure 5.8 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and

(YSRiso = 5.0)

(c) plastic deviatoric strain under drained triaxial test of

overconsolidated cemented Ariake clay with 6% cement content
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Figure 5.9 Distribution of (a) deviatoric stress, (b) plastic volumetric strain and
(c) plastic deviatoric strain under drained triaxial test of
overconsolidated cemented Ariake clay with 9% cement content

(YSRiso = 5.0)
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Figure 5.10 Comparison of deviatoric stress and volumetric strain development for

uncemented Ariake clay under drained triaxial test at

YSRiso=1.0to 5.0
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Figure 5.11 Comparison of deviatoric stress and volumetric strain development for

cemented Ariake clay (4,, = 6%) under drained triaxial test at
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Figure 5.12 Comparison of deviatoric stress and volumetric strain development for
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5.5.2 Undrained triaxial shearing
For perfectly rough contact end, the specimen under undrained condition

deforms in similar pattern to that under the drained condition. The distributions of 7

observed in the undrained condition are lower than those of the drained condition as
shown in Figure 5.13 for various YSRiso and cement content. In contrast, the

specimen with YSRiso = 2.0 shows the higher 7z than that with YSRiso = 1.0 and the

7 decreases with the increasing the YSRiso. Although the centre of a specimen

displays less pronounced axial deformation when compared to that in the drained

condition, the 7_ observed in the undrained condition increases with increasing the

cementation structure strength.

The distribution of deviatoric stress, excess pore pressure and plastic
deviatoric strain of soil mass in NC state are shown in Figures 5.14, 5.15 and 5.16 for
uncemented specimen, 6% and 9% cement specimens, respectively. For OC state
(YSRiso = 5.0), the distribution of deviatoric stress, plastic volumetric strain and
deviatoric strain of uncemented specimen, 6% and 9% cement specimens are shown in
Figures 5.17, 5.18 and 5.19, respectively. The distribution of the deviatoric stress
under undrained condition is more uniform than that under drained condition at low
global axial strain. At the end edge of a specimen, pronounced stress concentration
due to the end boundary is clearly seen. This concentration increases with increasing
the strength of soil cementation structure but decreases with increasing the YSRiso.
The excess pore pressure and deviatoric strain have observed in a specimen as the X-
shape. The negative excess pore water pressure is occured at the centre of a specimen

in OC state at medium to large global axial strain.
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The local stress-strain and development of excess pore pressure of soil
mass under undrained test for uncemented, 6% and 9% cement content are shown in
Figures 5.20, 5.21 and 5.22, respectively. The inhomogeneity of undrained specimen
starts when the local stress state reaches the peak strength state. All local elements
(No.1, 5, 13 and 45) show the strain softening behaviour for the NC specimen. The

degree of inhomogeneity for the g—¢&, curves under the undrained tests is less than

those observed from the drained test at the same stress state (YSRiso). As the
simulated results, the increase in soil cementation structure shows less pronounced
inhomogeneous behaviour of stress under undrained test when compared to the excess

pore pressure and deviatoric strain.
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Figure 5.13 Distribution of shear stress, 7~ in uncemented and cemented Ariake clay
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Figure 5.14 Distribution of (a) deviatoric stress, (b) excess pore pressure and
(c) plastic deviatoric strain under undrained triaxial test of

normally consolidated uncemented Ariake clay (YSRiso = 1.0)
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Figure 5.15 Distribution of (a) deviatoric stress, (b) excess pore pressure and

(c) plastic deviatoric strain under undrained triaxial test of normally

consolidated cemented Ariake clay with 6% cement content

(YSRiso = 1.0)
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Figure 5.16 Distribution of (a) deviatoric stress, (b) excess pore pressure and
(c) plastic deviatoric strain under undrained triaxial test of normally
consolidated cemented Ariake clay with 9% cement content

(YSRiso = 1.0)
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Figure 5.17 Distribution of (a) deviatoric stress, (b) excess pore pressure and
(c) plastic deviatoric strain under undrained triaxial test of

overconsolidated uncemented Ariake clay (YSRiso = 5.0)
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Figure 5.18 Distribution of (a) deviatoric stress, (b) excess pore pressure and
(c) plastic deviatoric strain under undrained triaxial test of
overconsolidated cemented Ariake clay with 6% cement content

(YSRiso = 5.0)
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Figure 5.19 Distribution of (a) deviatoric stress, (b) excess pore pressure and

(c) plastic deviatoric strain under undrained triaxial test of

overconsolidated cemented Ariake clay with 9% cement content

(YSRiso = 5.0)
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Figure 5.20 Comparison of deviatoric stress and excess pore pressure development
for uncemented Ariake clay under undrained triaxial test at

YSRiso=1.0to 5.0
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Figure 5.21 Comparison of deviatoric stress and excess pore pressure development

for cemented Ariake clay (4,, = 6%) under undrained triaxial test at

YSRiso=1.0to 5.0
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Figure 5.22 Comparison of deviatoric stress and excess pore pressure development

for cemented Ariake clay (4,, = 9%) under undrained triaxial test at

YSRiso=1.0to 5.0
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5.6 Conclusions

A critical state plasticity model for structured clays, the MSCC model has been
implemented into the commercial finite element program, ABAQUS (2009). The
implemented MSCC model has been adopted for simulating the triaxial compression
test of uncemented and cemented Ariake clays. The inhomogeneous triaxial behaviour
of cemented clay caused by end restraint and insufficient drainage has been
investigated via axisymetric finite element analysis under drained and undrained
conditions. The finite element analysis with MSCC model can well capture the
behaviour of cemented clay Ariake clay under both drained and undrained conditions.
The local element behaviour at X shape concentration of stress show more significant
stress inhomogeneity with increasing the structural properties (higher degree of
cementation) and this leads to the strain localisation of the specimen. Both end
restraint in drained and undrained tests and insufficient drainage in drained test can
cause inhomogeneous barrel-shape deformation of the specimen at large strains. It is
concludes that the increase in the global axial strain induces the inhomogeneity in the
specimen. The degree of inhomogeneity of stress-strain behaviour is dependent on the
initial stress state before shearing and structural properties of specimen. The
simulation results show that the increasing in cement content leads to the significantly
difference in the stress-strain behaviour at the local element level under drained and

undrained conditions.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and conclusions

This thesis is made to meet three main objectives. The first is to develop the
generalised critical state model for structured clays based on the Structured Cam Clay
model (Liu and Carter, 2002) for explanation of clay behaviour in different structured
states. The second is to improve a generalised model for structured clay for better
simulation of the stress-strain behaviour in overconsolidated state. The third is to
implement the developed model into the finite element code to study the
inhomogeneous stress-strain behaviour influenced by the strength of soil cementation
structure. In the following sections, the conclusions obtained from the study are
summarised.

6.1.1 Modified effective stress concept

The modified or explicit mean effective stress presented in Chapter 111
has been successfully adopted to generate the state boundary surface for structured
clay in the g/ p) — p'/ p; plane. The normalised stress paths for cemented Ariake clay
with various cementation structure have been represented by two unique curves

referred to as the modified Roscoe surface for soil in virgin yielding state and the

modified Hvorslev surface for soil in overconsolidated state.
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This concept can be used as a powerful method to predict the stress-
strain-strength of structured clay, which cannot be explained by the conventional state
boundary surface concept.

6.1.2 Destructuring law

The destructuring is the removal of structure strength, p, during the

loading path. The simple destructuring law has been proposed based on the general
idealisation proposed by Gen and Nova (1993) in the exponential function. The
destructuring processes have been represented by Equations 3.4 and 3.5. When the
stress state is on the virgin yielding, the destructuring is caused by the degradation of
soil cementation. The sudden crushing of soil structure occurs when the stress state
reaches the failure envelope. The destructuring is assumed to be related directly to the
plastic deviatoric strain and does not occur for loading in the elastic range.
6.1.3 Yield surface and plastic potential for structured clay

The elliptical shape of the MCC model and modified effective stress
concept are adopted for the development of yield surface (vide Eq. 3.9). The plastic
potential of the MSCC model was developed from that proposed by McDowell and
Hau (2003) and presented by Equation 3.13. The shape of plastic potential is

controlled by the simple parameter . When y = 2, the plastic potential shape is the

elliptical function.
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6.1.4 The MSCC model

The generalised critical state plasticity model for structured clay, the
MSCC model, has been formulated in the triaxial stress space based on the modified
effective stress concept, the destructuring law, yield surface, plastic potential and the
conventional assumptions of the Structured Cam Clay model. The structured clay was
modelled as the elastic-virgin yielding material. The loading inside the yield surface
was assumed to be elastic. The yield surface and plastic potential introduced by the
structure strength were adopted for the formulation of the elastoplastic stiffness. The
yield surface was assumed as a simple elliptical shape for simplicity while the shape
of the plastic potential was justified using experimental evidence. The five
conventional parameters from MCC model were used in the MSCC model. The other
five additional structural parameters can be simply obtained from the laboratory tests
on structured samples.

The generalised MSCC model has been verified by comparing the MSCC
model simulation result with a series of triaxial test results of various naturally and
cemented clays and the SCC and MCC model simulation results. It was found that the
simulated results by the MSCC model were consistently better than those by the SCC
and MCC models for both normally and overconsolidated states under both drained
and undrained loading conditions. In particular, the MSCC model can capture
reasonably well the strain hardening and softening behaviours affected by soil-

cementation structure
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6.1.5 The MSCC-B model

In Chapter IV, an extended MSCC model for better simulation of
overconsolidated structured clay designated as the Modified Structured Cam Clay
model with bounding surface theory (MSCC-B) was proposed. The model has been
formulated based on the bounding surface plasticity theory and the SCC framework. A
new parameter, 2 has been introduced into the extended model for representing the
influence of soil-cementation structure on the hardening modulus. The new features of
the MSCC-B are specially useful when analysing the structured clay in the
overconsolidated state, the MSCC-B model is the same as the original MSCC model
when the structured soil is in normally consolidated state.

The formulation of the radial mapping rule and the modification of
hardening modulus equation were described in details. The single element simulations
of the triaxial tests on the overconsolidated clays in both naturally structured and
artificially structured states were carried out to validate and assess the performance of
the MSCC-B model. It was found that the MSCC-B model gave a good prediction for
the stress state of soil inside the boundary surface. The pre-failure behaviours (stress-
strain-strength) of overconsolidated structured clays have been captured well by the
MSCC-B model. The smooth change from the elastic to plastic behaviour of the soil
and the more realistic direction of the stress path under undrained condition were
observed.

6.1.6 Finite element implementation of the MSCC model

The MSCC model has been implemented into the finite element program

on a coupled hydro-mechanical analysis. A commercial unified finite element

program, ABAQUS was chosen for this study. In Chapter V, the implementation
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procedures of the MSCC model into finite element code was described. This included
the formulation of the model in a generalised stress space, stress integration scheme
and verification of the implemented model.

The implemented MSCC model in finite element analysis was used to
simulate the inhomogeneous stress-strain behaviour of triaxial compression test
influenced by soil cementation structure. It was seen that the increase in the strength
of soil-cementation structure increased the inhomogeneity in the specimen. The
inhomogeneity of stress-strain behaviour is dependent on the initial stress state before
shearing and structural properties of soil mass. For chemical stabilised soil, the
increase in cement or lime content leads to the significant difference in the stress-

strain behaviour at local element level under drained and undrained conditions.

6.2 Recommendations for future work

The single element and finite element analyses of MSCC model presented in
this research study have demonstrated the very good predictive capabilities for
structured clays. However, the model limits only for monotonic loading and clayey
soil, some extension of the model and numerical analysis for actual structures field
problems are still required before the general validity of the series of MSCC models
can be fully established.

6.2.1 Further modifications

The MSCC and MSCC-B presented in Chapters III and IV needs to be
modified so that the yield function and plastic potential can be presented in the
normalisation form. In critical state model, the yield function and plastic potential are

usually expressed in terms of stress invariants, ¢ and p'. Since the value of the yield
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function is normally used to determine if a stress state is elastic (£ < 0) or plastic
(F >0), it is appropriate to scale these functions against a stress parameter so that
their values are not significant influenced by the magnitudes of the stresses. The
condition, <0 and F >0 are always checked using a specified yield surface
tolerance, which is typically in the range 10°-10"'%. For a state boundary surface for
structured clay (Suebsuk et al., 2010), a normalisation parameter is the explicit

isotropic preconsolidation pressure, p; =p;+ p,. The yield surface and plastic
potential should be modified into the normalisation stress plane plot of p'/ p, versus
q/ p,. This leads to the accuracy of the yield function or plastic potential that they are

less dependent on the stress magnitudes. In the other hand, the boundary surface is
static in the normalised stress plane.

For the stress integration scheme, the Euler’s forward algorithm has been
adopted in the finite element implementation. The finite element simulation of
element tests shows a good prediction at very small increment. However based on the
study, the Euler’s forward algorithm was highly sensitive to the increment size and
required very small increment to achieve acceptable accuracy. It is because at the end
of each subincrement in the explicit integration process, the stresses may diverge from
the yield condition so that F' > TOL . The extent of this violation, which is commonly
known as yield surface “drift”, depends on the accuracy of the integration scheme and
the non-linearity of the constitutive relations. These problems can be solved by the
modified Euler scheme with automatic substeping and drift correction (Sloan et al.,

2001).
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6.2.2 An extended MSCC model for unloading and reloading
The MSCC-B model proposed in Chapter IV can be extended for
predicting the unloading and reloading simplicity by making some modification on the
hardening modulus. The unloading hardening modulus proposed by McVay and
Taesiri (1985) with a simple form and good performance can be adopted in the

formulation of MSCC-B model. The unloading hardening modulus equation is,

(6.1)

where ¢ is the image stress ratio and H,, is an unloading hardening parameter. For

reloading, the equation of virgin hardening modulus can be replaced by the simple

equation proposed by Khong (2004), which defined as follows,

H:H_/.+HR><(1;“)><(1+55)", (6.2)

where H, and y are the same as the virgin loading, H, is an reloading hardening

parameter and & is a non-dimension parameter controlling the shakedown behaviour.
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APPENDIX A

THE INPUT PARAMETERS FOR THE MSCC MODEL



Table A.1 The input parameters for the MSCC model

No. Input parameters Physical meaning
1 RLAM Gradient Pf intrinsic compression in
the e-In p' plane
5 RKAP purrent IGradlent of unloding-reloading line
in e-In p' plane
3 VOIDIC _V0|_ds ratio at refe(ence: stress (p' = 1 unit) of
intrinsic compression line
4 PCSO I_nltlal yield stress o_f isotropic compression
line of cemented soil
5 BINDEX Destructu_red index due to volumetric
deformation
Additional void ratio at the start of virgin
6 DEI -
yielding
7 ASPTM Gradlentlof critical state ratio in
the g — p’' plane
8 PBSO Initial of bonding strength in the g — p' plane
9 XNUE or EG Poisson’s ratio or shear modulus
10 KINDEX Destructured index due to shear deformation
11 WINDEX Paramgter define the shape of plastic
potential
Friction angle of the soil at critical state for
12 PHI defining the shape of yield surface and plastic

potential in deviatoric plane




APPENDIX B

THE SOURCE CODE OF THE MSCC MODEL



** UMAT FOR ABAQUS/STANDARD INCORPORATING MODIFIED STRUCTURED CAM CLAY
** PLASTICICTY WITH LARGE DEFORMATION FORMULATION

** FOR PLAIN STRAIN AND AXI-SYMMETRIC ELEMENT.

** EXPLICIT INTERGRATION WITH CONTINUUM JACOBIAN

-

** AUTHOR: Jirayut Suebsuk

** EMAIL: j.suebsuk@gmail.com

*%*

**

**  Update 19/10/2010
** 1) To normalise the yield surface and plastic potential by modified
*x effective stress
** 2) Failure envelope of Sheng et al. (2000) is adopted.
*x
* UMAT SUBROUTINE
SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
2 STRAN,DSTRAN,TIME,DTIME, TEMP,DTEMP,PREDEF,DPRED,CMNAME,
3 NDI,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,

4 CELENT,DFGRDO,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)

INCLUDE 'ABA_PARAM.INC'

CHARACTER*80 CMNAME

O

(@]
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DIMENSION STRESS(NTENS),STATEV(NSTATV),
1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),
2 STRAN(NTENS), DSTRAN(NTENS), TIME(2), PREDEF(1),DPRED(1),

3 PROPS(NPROPS),COORDS(3),DROT (3,3),DFGRDO(3,3), DFGRD1(3,3)

PARAMETER (M=3,N=3,1D=3,ZERO=0.D0,0NE=1.D0,TWO=2.D0,THREE=3.DO0,
+ FOUR=4.D0,FIVE=5.D0,SIX=6.D0,NINE=9.D0,

+ TOLER=0.D-6,HTOL=1.E-9)

DIMENSION XIDEN(M,N),DIFF(4),DIFG(4),DPSTRAN(4), XNVE(4),
+  DESTRAN(4),DSTRESS(4),
+  STR(M,N),DSTR(M,N),XNDIR(M,N),DYPROD(4,4),
+  DV(4),DDS(4,4),DPROD(4),DLAM(4)
c

C

C TRANFER STRESS AN STRAIN TO CONVENTIONAL DEFINITION IN SOIL MECHANICS
C (COMPRESSION IS POSITIVE)
DO I=1,NTENS
STRESS(I)=-STRESS(I)
STRAN(I)=-STRAN(I)
DSTRAN(I)=-DSTRAN(I)

END DO

C
C SPECIFIC MATERIAL PROPERTIES

RLAM=0.44

RKAP=0.008

VOIDIC=4.428

PCS0=200.0

BINDEX=0.15

DEI=2.25

ASPTMAX=1.58

PBS0=100.0

XNUE=0.3
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KINDEX=10.0
WINDEX=15
ALPHA=1.0
c
C ZERO MATRICES
DO I=1,4
DO J=1,4
DDS(1,3)=0.0
END DO
END DO
DO I=1,NTENS
DLAM(1)=0.0
DO J=1,NTENS
DYPROD(I,)=0.0
END DO
END DO
C DEBUG3=0.0
PBSF=STATEV(14)
EQPF=STATEV(15)
c
C DEFINE PCS
IYIELD = STATEV(6)
IF (IVIELD .GT. 0) THEN
PCS=STATEV(3)
PPS=STATEV/(9)
ELSE
PCS=PCS0
PPS=PCS
CAPYIELD=0
END IF
c
C SET UP THE ELSTIC MATRIX AND IDENTITY MATRIX

CDDS =[C]
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C XIDEN =[1]
C DYPROD = DYADIC PRODUCT
SIG11=STRESS(1)
SIG22=STRESS(2)
SIG33=STRESS(3)
SIG12=STRESS(4)
SIG1=(ONE/TWO)*(STRESS(1)+STRESS(2))+
&  SQRT((ONE/FOUR)*(STRESS(1)-STRESS(2))**TWO+STRESS(4)**TWO)
SIG2=STRESS(3)
SIG3=(ONE/TWO)*(STRESS(1)+STRESS(2))-
&  SQRT((ONE/FOUR)*(STRESS(1)-STRESS(2))** TWO+STRESS(4)**TWO)
SMEAN=(SIG1+SIG2+SIG3)/THREE
SR3J2=SQRT((ONE/TWO)*((SIG1-SIG2)**TWO+(SIG3-SIG1)**TWO+
&  (SIG2-SIG3)**TWO))
IF ((SIG1-SIG3) .EQ. 0.) THEN
BB=0.
ELSE
BB=(SIG2-SIG3)/(SIG1-SIG3)
END IF
THETA=ATAND((ONE/SQRT(THREE))*(TWO*BB-ONE))
ASPTM=ASPTMAX*(((TWO*ALPHA**FOUR)/(ONE+ALPHA**FOUR-
&  (ONE-ALPHA**FOUR)*SIND(THREE*THETA)))**(ONE/FOUR))
DEBUG3=THETA
ETA=SR3J2/SMEAN
IF (STATEV(1) .GT. 0.0) THEN
VOID=STATEV(1)
DES=STATEV(2)
PBS=STATEV(10)
CAPYIELD=STATEV(16)
ELSE
ICompression curve for structured clay
VOID=VOIDIC-(RLAM-RKAP)*LOG(PCS)-RKAP*LOG(SMEAN)

&  +DEI*(PCSO/PCS)**BINDEX
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C  VOIDR=VOIDIC-(RLAM-RKAP)*LOG(PCS)-RKAP*LOG(SMEAN)
VOIDR=VOIDIC-RLAM*LOG(SMEAN)
DES=VOID-VOIDR
IF (DES .LT. 0.0) THEN
DES=0.0
END IF
PBS=PBS0

END IF

ETABAR=SR3J2/(SMEAN+PBS)

IF (XNUE .GT. 0.0) THEN
EMOD=THREE*(ONE-TWO*XNUE)*(ONE+VOID)*SMEAN/RKAP
EBULK3=EMOD/(ONE-TWO*XNUE)

EG2=EMOD/(ONE+XNUE)
EG=EG2/TWO
ELAM=(EBULK3-EG2)/THREE

ELSE
EBULK3=THREE*(ONE+VOID)*SMEAN/RKAP
EG2=EG*TWO
ELAM=(EBULK3-EG2)/THREE

END IF

DO K1=1,3
DO K2=1,3
DDS(K2,K1)=ELAM
END DO
DDS(K1,K1)=EG2+ELAM
END DO
DDS(4,4)=EG
c
C DEFINE IDENTITY MATRIX
DO 50 I=1,M
DO 50 J=1,N

IF(1 .EQ. J) THEN
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XIDEN(I,J)=1.0D0
ELSE

XIDEN(1,J)=0.0D0

END IF
50 CONTINUE
C
C

C DETERMINE IF THE YIELDING CONDITION IS SATISFIED

YF=(SR3J2**TWO-(ASPTM**TWO)*(SMEAN+PBS)*(PCS-SMEAN))/(PCS+PBS)**TWO

DLAMBDA=0.

IF (YF.GT.0..OR. IYIELD .GT. 0) THEN

DFM=TWO*ASPTM*(SMEAN**TWO+SMEAN*PBS-SMEAN*PCS-PBS*PCS)
& /(PCS+PBS)**TWO
DMT=((THREE*TWO**(ONE/FOUR)*ASPTMAX*ALPHA*(ALPHA**FOUR-ONE)*
& COSD(THREE*THETA))/(FOUR*(ONE+ALPHA**FOUR+(ONE-ALPHA**FOUR)*
& SIND(THREE*THETA))**(FIVE/FOURY)))
DTS1=(NINE/(TWO*COSD(THREE*THETA)*SR3J2**THREE))
DIFF(1)=(ASPTM**TWO)*(TWO*SMEAN+PBS-PCS)/(THREE*(PCS+PBS)**TWO)
&  +(THREE/(PCS+PBS)**TWO)*(SIG11-SMEAN)+

&  DFM*DMT*DTS1*(NINE*DETS*(SIG11-SMEAN)/(TWO*SR3J2**TWO)-
&  TWO*SMEAN**TWO+TWO*SIG11*(SIG22+SIG33)/ THREE+

&  (SIG22**TWO+SIG33**TWO)/THREE-(SIG12**TWO)/ THREE)
DIFF(2)=(ASPTM**TWO)*(TWO*SMEAN+PBS-PCS)/(THREE*(PCS+PBS)**TWO)
&  +(THREE/(PCS+PBS)**TWO)*(SIG22-SMEAN)+

&  DFM*DMT*DTSI*(NINE*DETS*(SIG22-SMEAN)/(TWO*SR3J2**TWO)-
&  TWO*SMEAN**TWO+TWO*SIG22*(SIG11+SIG33)/ THREE+

&  (SIGLI**TWO+SIG33**TWO)/THREE-(SIG12**TWO)/THREE)
DIFF(3)=(ASPTM**TWO)*(TWO*SMEAN+PBS-PCS)/(THREE*(PCS+PBS)**TWO)
&  +(THREE/(PCS+PBS)**TWO)*(SIG33-SMEAN)+

& DFM*DMT*DTS1*(NINE*DETS*(SIG33-SMEAN)/(TWO*SR3J2**TWO)-




210

& TWO*SMEAN**TWO+TWO*SIG33*(SIG22+SIG11)/ THREE+
& (SIG22**TWO+SIG11**TWO)/THREE-(-TWO*SIG12**TWO)/THREE)
DIFF(4)=(SIX*SIG12/(PCS+PBS)**TWO+
& DFEM*DMT*DTS1*(NINE*DETS*(TWO*SIG12)/(TWO*SR3J2**TWO)+
&  TWO*SIG12*(SIG33-SMEAN)))
IPlastic potential
C  DGM=(TWO*ASPTM/(ONE-WINDEX))*(((SMEAN+PBS)/(PPS+PBS))
C &  **TWO/WINDEX)-((SMEAN+PBS)/(PPS+PBS))**TWO)
DIFG(1)=((TWO*ASPTM**TWO)/(THREE*(ONE-WINDEX)))
&  *((((SMEAN+PBS)/(PPS+PBS))**(TWO/WINDEX))
&  /(WINDEX*(SMEAN+PBS)))-(SMEAN+PBS)/(PPS+PBS)**TWO)
&  +(THREE/((PPS+PBS)**TWO))*(SIG11-SMEAN)+
& DGM*DMT*DMT*(NINE*DETS*(SIG11-SMEAN)/(TWO*SR3J2**TWO)-
& TWO*SMEAN**TWO+TWO*SIG11*(SIG22+SIG33)/ THREE+
&  (SIG22**TWO+SIG33**TWO)/THREE-(SIG12**TWO)/THREE)
DIFG(2)=((TWO*ASPTM**TWO)/(THREE*(ONE-WINDEX)))
&  *((((SMEAN+PBS)/(PPS+PBS))**(TWO/WINDEX))
&  /(WINDEX*(SMEAN+PBS)))-(SMEAN+PBS)/(PPS+PBS)**TWO)
&  +(THREE/((PPS+PBS)**TWO))*(SIG22-SMEAN)+
& DGM*DMT*DTS1*(NINE*DETS*(SIG22-SMEAN)/(TWO*SR3J2**TWO)-
& TWO*SMEAN**TWO+TWO*SIG22*(SIG11+SIG33)/ THREE+
& (SIG11**TWO+SIG33**TWO)/THREE-(SIG12**TWO)/THREE)
DIFG(3)=((TWO*ASPTM**TWO)/(THREE*(ONE-WINDEX)))
&  *(((((SMEAN+PBS)/(PPS+PBS))**(TWO/WINDEX))
&  /(WINDEX*(SMEAN+PBS)))-(SMEAN+PBS)/(PPS+PBS)**TWO)
&  +(THREE/((PPS+PBS)**TWO))*(SIG33-SMEAN)+
& DGM*DMT*DTS1*(NINE*DETS*(SIG33-SMEAN)/(TWO*SR3J2**TWO)-
& TWO*SMEAN**TWO+TWO*SIG33*(SIG22+SIG11)/THREE+
& (SIG22**TWO+SIG11**TWO)/THREE-(-TWO*SIG12**TWO)/THREE)
DIFG(4)=(SIX*SIG12/(PPS+PBS)**TWO+
& DGM*DMT*DTS1*(NINE*DETS*(TWO*SIG12)/(TWO*SR3J2**TWO)+

&  TWO*SIG12*(SIG33-SMEAN)))
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C THEN DETERMINE THE PLASTIC MULTIPLIER

CALL KMLT1(DDS,DSTRAN,DV,NTENS)

CALL DOTPROD(DV,DIFF, TERM1,NTENS)

CALL KMLT1(DDS,DIFG,DV,NTENS)

CALL DOTPROD(DIFF,DV,TERM2,NTENS)

'Hardening modulus
Al=(TWO*SR3J2**TWO-(ASPTM**TWO)*SMEAN*PCS+THREE*(ASPTM*TWO)

& *SMEAN*PBS-(ASPTM**TWO)*PBS*PCS+(ASPTM**TWO)*(PBS**TWO)

& +TWO*(ASPTM**TWO)*(SMEAN**TWO))/(PCS+PBS)**THREE

C Modified date 09/09/2010

A2=PCS*(ONE+VOID)/(RLAM-RKAP+BINDEX*DES)

IF (PBSF .GT. 0.0 .AND. CAPYIELD .GT. 0) THEN
A2=PCS*(ONE+VOID)/(RKAP)

END IF
A3=((TWO*ASPTM**TWO)/(ONE-WINDEX))*(((SMEAN+PBS)/(PPS+PBS))

& **(TWO/WINDEX)/(WINDEX*(SMEAN+PBS))

& -(SMEAN+PBS)/(PPS+PBS)**TWO)

TERM3=(A1*A2*A3)

DLAMBDA=(TERM1/(TERM2+TERM3))
IF (TERM3 .LT. 0.0) THEN
10C YIELD
IYIELD=1
IF (CAPYIELD .GT. 0) THEN
IYIELD=2
END IF
IF (PBSF .GT. 0.0) THEN
ELSE

PBSF=PBS
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EQPF=STATEV(13)
END IF
ELSE
ICAP YIELD
IYIELD=3
CAPYIELD=1

END IF

END IF

C

C CALCULATE PLASTIC STRAIN INCREMENT
c
DO K=1,4
DPSTRAN(K)=DLAMBDA*DIFG(K)
END DO
DEVP=DLAMBDA*((TWO*ASPTM**TWO)/(ONE-WINDEX))
& *(((SMEAN+PBS)/(PPS+PBS))
& **(TWO/WINDEX)/(WINDEX*(SMEAN+PBS))
& -(SMEAN+PBS)/(PPS+PBS)**TWO)
DEQP=DLAMBDA*(TWO*SR3J2/(PPS+PBS)**TWO)
c
C DETERMINE ELASTIC STRAIN INCREMENT
DO K=1,4
DESTRAN(K)=DSTRAN(K)-DPSTRAN(K)
END DO
c
C DETERMINE STRESS INCREMENT
CALL KMLT1(DDS,DESTRAN,DSTRESS NTENS)

C

C UPDATE ALL QUANTITIES USING EXPLICIT INTEGRATION
C
DO K=1,NTENS

STRESS(K)=STRESS(K)+DSTRESS(K)
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C

END DO

C DETERMINE JACOBIAN

IF (YF.GT. 0.0 .OR. IYIELD .GT. 0) THEN
CALL KMLT1(DDS,DIFG,DPROD,NTENS)

CALL DOTPROD(DIFF,DPROD,XNDN,NTENS)

Al=(TWO*SR3J2**TWO-(ASPTM**TWO)*SMEAN*PCS+THREE*(ASPTM*TWO)
& *SMEAN*PBS-(ASPTM**TWO)*PBS*PCS+(ASPTM**TWO)*(PBS**TWO)

& +TWO*(ASPTM**TWO)*(SMEAN**TWO))/(PCS+PBS)**THREE

Modified date 09/09/2010
A2=PCS*(ONE+VOID)/(RLAM-RKAP+BINDEX*DES)
IF (PBSF .GT. 0.0 .AND. CAPYIELD .GT. 0) THEN
A2=PCS*(ONE+VOID)/(RKAP)
END IF
A3=((TWO*ASPTM**TWO)/(ONE-WINDEX))*(((SMEAN+PBS)/(PPS+PBS))
& **(TWO/WINDEX)/(WINDEX*(SMEAN+PBS))
& -(SMEAN+PBS)/(PPS+PBS)**TWO)
H=(A1*A2*A3)

HARD=XNDN+H

CALL KMLT1(DDS,DIFF,DV,NTENS)
CALL DYADICPROD(DPROD,DV,DYPROD,NTENS)
DO I=1,4
DO J=14
DYPROD(1,J)=DYPROD(I,J)yHARD
END DO
END DO

END IF

DO I=1,4

DO J=1,4
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C

C

DDSDDE(I,J)=DDS(1,J)-DYPROD(I,J)
END DO

END DO

C UPDATE STATE VARIABLES

SIG11=STRESS(1)
SIG22=STRESS(2)
SIG33=STRESS(3)
SIG12=STRESS(4)

SIG1=(ONE/TWO)*(STRESS(1)+STRESS(2))-

&  SQRT((ONE/FOUR)*(STRESS(1)-STRESS(2))**TWO+STRESS(4)**TWO)

SIG2=STRESS(3)

SIG3=(ONE/TWO)*(STRESS(1)+STRESS(2))+

&  SQRT((ONE/FOUR)*(STRESS(1)-STRESS(2))**TWO+STRESS(4)**TWO)

SMEAN=(SIG1+S1G2+SIG3)/ THREE
SR3J2=SQRT((ONE/TWO)*((SIG1-SIG2)**TWO+(SIG3-SIG1)** TWO+
&  (SIG2-SIG3)**TWO))
DEV=DSTRAN(1)+DSTRAN(2)+DSTRAN(3)
DEQ=(SQRT(TWO)/THREE)*SQRT((DSTRAN(1)-DSTRAN(2))**TWO+
& (DSTRAN(2)-DSTRAN(3))**TWO+(DSTRAN(3)-DSTRAN(L))**TWO
& +SIX*DSTRAN(4)**TWO)

EQ=STATEV(12)+DEQ

EV=STATEV(17)+DEV

IF ((SIG1-SIG3) .EQ. 0.) THEN

BB=0.

ELSE

BB=(SIG2-SIG3)/(SIG1-SIG3)

END IF

THETA=ATAND((ONE/SQRT(THREE))*(TWO*BB-ONE))
ASPTM=ASPTMAX*(((TWO*ALPHA**FOUR)/(ONE+ALPHA**FOUR-
&  (ONE-ALPHA**FOUR)*SIND(THREE*THETA)))**(ONE/FOURY))

IF (IYIELD .GT. 0) THEN
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C

EVP=STATEV(8)+DEVP
EQP=STATEV/(13)+DEQP
PCSNEW=PCS+(ONE+VOID)*DEVP*PCS/(RLAM-RKAP+BINDEX*DES)
IF (PBSF .GT. 0.0 .AND. CAPYIELD .GT. 0) THEN
PCSNEW=PCS+(ONE+VOID)*DEVP*PCS/(RKAP)
END IF
IF (PBSF .GT. 0.0) THEN
PBS=PBSF*EXP(-KINDEX*(EQP-EQPF))
ELSE
PBS=PBS0*EXP(-EQP)
END IF
IDetermination of pp
Al=((SR3J2**TWO)*WINDEX-(SR3J2**TWO)+

& TWO*(ASPTM**TWO)*SMEAN*PBS+(ASPTM**TWO)*(PBS**TWO)

&  +(ASPTM**TWO)*(SMEAN**TWO))/((ASPTM**TWO)*(SMEAN+PBS)**TWO)

A2=WINDEX/(TWO*(WINDEX-ONE))
PPS=SMEAN*(AL**A2)+PBS*(A1**A2)-PBS
ELSE
EVP=0.0
EQP=0.0
PCSNEW=PCS
END IF
VOID=VOID-DEV*(ONE+VOID)
VOIDR=VOIDIC-(RLAM-RKAP)*LOG(PCSNEW)-RKAP*LOG(SMEAN)
VOIDR=VOIDIC-RLAM*LOG(SMEAN)
DES=VOID-VOIDR
1Add on 28-08-2010
IF (DES .LT. 0.0) THEN
DES=0.0

END IF

C STORE UPDATE STATE VARIABLES

STATEV(1)=VOID
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Cc

C

C TRANFER STRESS AN STRAIN TO CONVENTIONAL DEFINITION IN SOIL MECHANICS

C (COMPRESSION IS POSITIVE)

STATEV(2)=DES
STATEV(3)=PCSNEW
STATEV(4)=YF
STATEV(5)=DLAMBDA
STATEV(6)=IYIELD
STATEV(7)=ETA
STATEV(8)=EVP
STATEV(9)=PPS
STATEV(10)=PBS
STATEV(11)=ETABAR
STATEV(12)=EQ
STATEV(13)=EQP
STATEV(14)=PBSF
STATEV(15)=EQPF
STATEV(16)=CAPYIELD
STATEV(17)=EV

STATEV(18)=DEBUG3

DO I=1,NTENS
STRESS(I)=-STRESS(I)
STRAN(I)=-STRAN(I)
DSTRAN(I)=-DSTRAN(I)

END DO

RETURN

END
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*UTILITY SUBROUTINES

*khkkhkhk KkKkkk KkKkkk Kk Kkkk Kk kK K%k

*MULTIPLY 4X4 MATRIX WITH 4X1 VECTOR

SUBROUTINE KMLT1(DM1,DM2,DM,NTENS)

INCLUDE 'ABA_PARAM.INC'

PARAMETER (M=4)

DIMENSION DM1(M,M),DM2(M),DM(M)

DO 10 I=1,NTENS
X=0.0
DO 20 K=1,NTENS
Y=DM1(1,K)*DM2(K)
X=X+Y
20 CONTINUE
DM(1)=X
10 CONTINUE
RETURN
END
* DOT PRODUCT OF TWO VECTOR

SUBROUTINE DOTPROD(DM1,DM2,DM,NTENS)

INCLUDE 'ABA_PARAM.INC'

DIMENSION DM1(4),DM2(4)

Y=0.0

DO 20 K=1,NTENS

X=DM1(K)*DM2(K)

Y=X+Y
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20 CONTINUE
DM=Y
RETURN
END
* THE DYADIC PRODUCT OF TWO VECTORS

SUBROUTINE DYADICPROD(DM1,DM2,DM3,NTENS)

INCLUDE 'ABA_PARAM.INC'

DIMENSION DM1(4),DM2(4),DM3(4,4)

DO I=1,4
DO J=1,4
DM3(1,J)=DM1(I)*DM2(J)
END DO

END DO

RETURN

END
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