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NOTATIONS

A pore pressure parameter

Ap area of pile point

be,bq,by base factors

c soil cohesion

CD consolidated drained

CSL critical state line

Cu consolidated un-drained

Cu Su un-drained shear strength

D depth of embedment of foundation

dc, dg, dr depth factors

E; initial modulus of elasticity

Eso secant modulus of elasticity

e void ratio

G elastic shear modulus

9c,99,9y ground factors

l, the first invariant of the effective stress tensor and it is proportional to
the effective mean pressure.

2 the second invariant of the deviatoric stress tensor

LL,WL liquid limit

M critical stress ratio

MC Mohr-Coulomb  model

MCC Modified Cam Clay model

NC normally consolidated

NCL normally consolidated line

NrN, N, | waditonarbearing capacity factors

Ppu ultimate static point load capacity of the pile

oC over consolidated

OCR over cor,solidation ratio

PI, Ip plasticity index
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plastic limit

mcan effective pressure=( cr'. + 2cr',)/3

hardening parameter

1'0
Ouit ultimate bearing capacity
q deviator stress
q uniform pressure on the soil surface
sc, Sg. 5 shape factors
u pore pressure
uu unconsolidated un-drained test
w water _content
y unit weight of the soil
1 -: pre-consolidation  pressure
& major principal effective stress
. minor principal effective stresses
f v change of vertical total stress
0 lode angle
AK slope of the normal consolidation line and the elastic rebound line
- Degradation parameter of 1';, and Pm,
3 peak or ultimate shear resistance
£l Poisson's  ratio
1/ Angle ofintemal friction (peak or ultimate).
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P, .Fuo ' g et :
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ABSTRACT

This thesis deals with the numerical and experimental investigations of Savar area
clays of Dhaka city .Three critical state soil models were used to numerically simulate
the drained and undrained stress-stress response under triaxial condition of Savar area
clays, with and without cementation. The models used were the Modified Cam Clay
(MCC) model, Modified Modified Cam Clay (MMCC) model which incorporates
cementation  strength and the Extended MMCC model or EMMCC model
incorporating cementation breakdown effects. The numerical study provides an 111-
depth understanding of the strengths and limitations of elitical state models to
simulate the stress-strain  behaviour of Savar area clays, with and without
cementation, and in drained and undrained condition. In particular, it was observed
that the MCC model could simulate the effect of cementation on clays. However, the
MMCC model which explicitly incorporated the effect of tensile strength in the MCC
model, significantly improved the predictions expected for the effect of cementation
on clays. Finally, it was shown with the EMMCC model, that cementation breakdo\\~I
effects could also be incorporated in the MCC model and simulated with this model.

Such analysis may be necessary in particular situations or cases of soil behaviour.

Finally, experimental model-scale footing and pile tests were carried out in a
consolidation mold containing Savar area clays, with and without cementation. The
experimental data clearly indicated that cementation of clays significantly increases
the bearing capacity mobilised by footings resting on such soils. The results of the
tests were numerically simulated using elasto-plastie finite clement analysis and the
Modified Cam Clay model. The experimental data was subsequently compared with
numerical predictions. The comparison of the results of finite element analysis for
footings resting on cemented and uneemented Savar area clays, with experimental
data showed that, using the MCC model for such analysis could predict the effect of
cementation of clays on footing behaviour. Finally, the strengths and limitations of the
MCC model in predicting the load-displacement response of model-scale footings and

piles resting on Savar area clays, with and without cementation, were critically

evaluated.
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CHAPTER!

INTRODUCTION

1.1 Introduction

Dhaka city and its surrounding zones such as Savar are undergoing rapid
development. Low lying areas, marshy land, fill areas etc. are increasingly being
utilized for building structures and other civic amenities. Due to the critical sub-soil
conditions in many areas, it is becoming important to consider the safety of the
foundation for structures to be built in these soils. For this purpose, it has become
essential to understand the stress-strain characteristics of the sub-soil of Dhaka city

and its surrounding suburbs.

In this thesis, the focus of research is typical clay collected from Savar area nearby
Dhaka city. The clay soil was tested in the laboratory to detennine its engineering
properties. Particularly, the critical state parameters of Savar area clay were
determined. In the next phase, the Savar clay was cemented to various degrees using
ordinary Portland cement and cured for 7 days. Numerical predictions of the triaxial
stress-strain response of Savar area clays, both cemented and uncemented, were then
carried out using the Modified Cam Clay (MCC) model, Modified MCC (MMCC)
model (MCC incorporating  cementation) and MMCC model incorporating

cementation break down assumptions.

As of now, no detailed numerical investigation of the stress-strain behavior of
cemented and unccmcnted Savar area clays under triaxial conditions have been
carried out. This thesis attempts to use three advanced constitutive models within the
critical state framework and a finite element program, to numerically simulate the
stress-strain rcsponsc of ccmented and unccmcnted Savar area clays. The predictions
have been carried out assuming both drained and undrained conditions. Some

experiments were also carried out to investigate the load-displacement response of



model-scale footings and piles resting on remolded Savar area clays. The numerically
simulated load-displacement response of model scale footings and piles using elasto-

plasie finite clement analysis were then compared with the experimental data.

In summary, in these research investigation critical state parameters of Savar area
clay was experimentally detennined. Detailed numerical analysis of these clays was
then carried out, both in cemented and uncemented condition, and under drained and
undrained assumptions. Experiments on model-scale footings and piles resting on
remolded Savar area clays were also perfomled as part of this study. The load-
displacement  response of model-scale footings and piles on cemented and

uncemented Savar area clays was carried out using elasto-plastic finite element

analysis.

1.2 Aims and Objectives of Proposed Study

The present study has been undertaken to achieve the following principal aims and

objectives:

o Experimental determination of the engineering properties and critical state

parameters of uncemented and cemented Savar area clay .

» Prediction of the stress-strain response, excess pore pressure and effective stress
path of Savar area clays at various cell pressures and different degrees of cementation

during triaxial shear under undrained condition using the Modified Cam Clay model

e Prediction of the stress-strain and volume strain response of Savar area clays at
various cell pressures and different degrees of cementation during triaxial shear under

drained conditions using the Modified Canl Clay model.

* Prediction of the stress-strain response, excess pore pressure and effective stress
path of Savar area clays at various cell pressures and different degrees of cementation

during triaxial shear under undrained condition using the Modified Modified Cam



Clay model i.e. MCC model incorporating cementation and with and without

cementation breakdown assumption .

* Prediction of the stress-strain and volume strain response of Savar area clays at
various cell pressures and different degrees of cementation during triaxial shear under
draincd conditions using the Modified Modified Cam Clay model i.e. Modified Cam
Clay model incorporating cementation and Extended Modified Modified Cam Clay

(EMMCC) model incorporating cementation breakdown assumption

* Investigate experimentally the load-displacement response of model-scale footings

and piles resting on remolded Savar area clays under undrained conditions .

* Usc the MCC and MMCC model and elasto-plastie finite element analysis for
numerical prediction of the experimentally determined load-displacement response of

model-scale footings and piles resting on cemented and uncemented Savar area clays.

e Comparison of the load-displacement predictions of elasto-plastic finite element

analysis with experimental data of model scale footing and pile.

1.3 Limitations of the Proposed Study

Following limitations were necessarily applicable to the scope of the present study are

described:

» Experimental data of Savar area clays in triaxial shearing were not available. So the
numerical predictions could not be compared with actual experimental data of tria-.;ial

shearing under drained and undrained condition .

e Simulation of the load-displacement response of model-scale footings and piles
resting on remolded Savar area clays were for undrained conditions and axial loading
only conducted in a consolidation mold. The specific conditions of the model-scale

experiment may not be truly representative of field conditions.



1.4 Outline of the Thesis

In Chapter 1, the aims, objectives and limitations of the current research work have

been described.

In Chapter 2, a literature revlew of clay and Dhaka clays behavior, constitutive
modeling of soils and elasto-plastic finite element analysis is presented. This chapter

also outlines the rational for carrying out the present research study.

In Chapter 3, the Methodology and Equipment used in the current research work are

described.

In Chapter 4, laboratory test procedure and the corresponding results, namely the

determination of engineering properties and critical state parameters of cemented and

uncemented Savar area clays are presented.

In Chapter 5, the Modified Cam Clay model is described. Numerical predictions of
the stress-strain response, excess pore pressure and effective stress path of Savar area

clays using the MCC model during triaxial shearing and undrained conditions are

presented.

In Chapter 6, numerical prediction of Savar area clays during drained triaxial shear
using the Modified Cam Clay model are presented. Comparisons of drained and
undrained predictions using the Modified Cam Clay model are also discussed here.
Finally, the limitations of the Modified Cam Clay model prediction of the stress-strain

and volume strain response of Savar area clays are discussed.

In Chapter 7, the Modified Cam Clay model incorporating cementation termed in this
thesis as the Modified Modified Cam Clay model (MMCC) is described. It is then

used to predict both the drained and undrained stress-strain response of Savar area



clays during triaxial shearing. MMCC model predictions arc compared with the

predictions of the MCC model.

In Chapter 8, the Extended Modified Modified Cam Clay (EMMCC) model with
cementation break down assumption is described. The EMMCC model is then used to
predict both the drained and undrained stress-strain response of cemented and

unccmented Savar area clays during triaxial shearing.

In Chapter 9, details of the experimental investigation of the load-displacement
response of a model-scale footing and pile resting on remolded Sayar area clays under
undrained conditions is discussed. Numerical predictions of the load-displacement
response of model-scale footing and pile resting on Savar area clays carried out using

elasto-plastic finite element analysis were compared with experimental data.

Chapter 10 presents the main findings and conclusions of this study.

Recommendations for further research are also included in this chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Clay soils are found all over the world. Innumerable varieties of clay soils are spread
across different geographic areas and regions. They occur at various depths and
extend to large areas both horizontally and vertically. Structures are built on clay and
sometimes built with clay. Clays are thus one of the most important types of soils
from the geotechnical perspective. Earth dams, road embankments, retaining
structures, tunnels, pipes, various types of shallow and deep foundations are built on
clay soils. The current research deals with the experimental and numerical study of

Savar area clays, and the effect of cementation on such clays.

All clays exhibit some common characteristics. However, in spite of such a
classification, clay soils show wide variation in their response to applied loads. These
include stress-strain and settlement behaviour, failure behaviour and consolidation
behavior. In addition, understanding the slope-stability, pemleability, stiffness,
sensitivity, plasticity etc. of clays is also important. Each of the above mentioned clay
characteristics and behaviour has been the subject of intensive study and research in
geotechnical literature (Bjerrum L., 1955, Casagrande A. and Wilson S. D., 1949,
Casagrande A., 1944, Glossop R., 1968, Terzaghi K., 1943, Tschebotarioff G. P.,
1951). The following sections present a detailed literature review of the properties

and behaviors of clays

2.2 Mcchanical Propcl.tics of Clay

The study of the mechanical properties of clay primarily implies the study of its
stress-strain  behaviour. From geotechnical engineering considerations, the stress-
strain response of clays is the one of the most important aspect of its behaviour. The

stress-strain  behaviour of clays has been extensively studied by many researchers



(Balasubramaniam, A.S., 1969, Mitchell, RJ, 1970, Nadarajah, V., 1973, Roscoe,
K.H. and Burland, J.B., 1968, Roscoe, K.H. and Schofield, A.N., 1963).The
mechanical behaviour of clay is detemlined by its microscopic or molecular structure.
Figure 2.1 shows an idealized microscopic view of the structure of a clay soil.
However, from geotechnical engineering considerations, it is considered more
relevant and simpler to study and model the stress- strain response of clays from

macroscopic considerations.

Superstructure loads are transferred relatively rapidly or almost immediately on the
clay stratum. Because of the fineness of individual clay particles and its consequent
low permeability, these loads are first and immediately transfcned to the water
trapped within the clay pores, rather than to the clay particle contacts. This results in
the so called undrained condition. However, over relatively longer periods of time,
these pore waters gradually seep or drain out of the pores as a response to the imposed
loads. The superimposed loads are then transferred to the clay particle contacts. Hence
over the longer term, the drained condition is attained. Thus, from the geotechnical
perspective, it is important to understand both the short and long term response of

clays to imposed loads i.e. the stress-strain behaviour of clays both under drained and

undrained conditions.

2.2.1 Index Properties

There is a large body of geotechnical literature on the index properties of clays
(Bjerrum, L., 1954a, Casagrande, A., 1932a, 1948, Foster, c.R., 1962, Lambe, T.W.
and Martin, R.T., 1953-1957, Wagner, A.A., 1957). These studies include
classification of clays based on grain size and hydrometer analysis as well as the tests
involving natural moisture content and the Atterberg limits namely the liquid, plastic
and the shrinkage limit. The advantage of index properties is that these are very
simple and easy to determine, and interpret. Figures 2.2 and 2.3 show index properties
of a typical clay stratum and some corresponding engineering properties. Properties
such as the degree of over consolidation, undrained or cohesion strength, coefficient

of consolidation have been correlated with plasticity index, natural moisture content,



liquid limit ctc. Figurcs 2.4 to 2.9 show some typical relationships between index and

enginecring properties of clay soils.

2.2.2 Draincd Bchavionr

The stress-strain  behaviour of clays under drained conditions have been extensively
studied by various researchers (Henkel, DJ., 1959, 1960, Terzaghi, K. 1943. The
drained stress-strain behaviour of clays have been found to be dependent both on the
type of clay, as well as it's degree of overconsolidation or history of loading, structure
and the degree of cementation of the clay. The effective stress principle enunciated by
Karl Terzaghi (1943), provides the framework to rationally explain the stress-strain

behaviour of clays undcr drained conditions.

In the laboratory, the drained stress-strain responses of clays are obtained either by the
direct shear shear test or the triaxial test under very slow rate of load application. This
allows the assumption of drained condition to be satisfied for the clay specimen's
during shear. Results of drained direct shear tests in various clays have been widely
reported in the literature (Bjerrum, L., 1954b, 1961, Bjemml, L. and Landva, A,
1966, Henkel, D. 1., 1956, Hermann, H. G. and Wolfskill, L. A., 1966, O'Neill, H. M.
1962). A drawback of the direct shear test is that the field conditions of stress are not
rcplicated in the direct shear box. The more standard triaxial test overcomes this
limitation by approximating the triaxial states of stress observed in the field. Drained
tests show both friction angle and cohesion for clays. Drained triaxial tests have been
carried out on various types of clays by Bishop AW. and Henkel, D. J., 1962,
Catlling, L.and Odcnstad, S., 1958., Lambe T.W., 1951, Mitchell, J. K. and Gardener,
W.S., 1975, Tavenas, F.A., 1975a.

Figures 2.10 and 2.11 represent the effective stress path in drained triaxial tests
conducted on normally consolidated and overconsolidated clay respectively. Figure
2.12 represents the stress-strain eurve in drained test. Figure 2.13 and 2.14 shows the

Mohr-Coulomb strength envelop and the relation between peak and ultimate strength

parameters of clay.



2.2.3 Undrained Behavior

The shear stress arising in the clay stratum as a consequence of the superimposed load

has to be resisted by the intrinsic cohesion or undrained shear strength of the clay
(Skempton, A. W., 1948, Skempton, A.W. and Golder, H. Q., 1948). The ma.ximum

load that can be imposed on a foundation overlying a clay stratum is defined to be the

bearing capacity of the foundation in gcotechnical literature. It is directly dependent

on the undrained strength of the underlying clay stratum. When the ultimate bearing

load of the foundation is excecded, the stress on the slip plane in the underlying clay

stratum exceeds the undrained shear strength of the clay. Ones this happens,

catastrophic failure and total collapse of the foundation and the superstructure may

occur.

Thc bearing capacity of shallow and deep foundations resting on a clay stratum is

dependent on the compressive strength of the clay under undrained conditions.

Studies of bearing capacity of foundations have been carried out among many others

by Casagrande, A., and Fadum, R.E., 1944, Chellis, R. D., 1962, Kerisel, J. L., 1967,

Leonards, G. A., 1962, Skempton, A. W. 1942, Sowers, G.F" 1963.

The undrained stress-strain response of clays is obtained in the laboratory from direct

shear or triaxial test under relatively rapid rate of load application. If pore water

pressure measurements are made in an undrained triaxial test, stress-strain response

may also be reported in terms of effective strcsses. Generally, the direct shear test has
no provision for mcasuring pore watcr pressure generated within the test specimen
during shearing. Figures 2.15 and 2.16 show the effective stress paths from a

consolidated undrained (CU) tests conducted on normally consolidated and over

consolidatcd Weald clay respectively. Figure 2.17 show the qualitative stress-strain
curves from the undrained triaxial tests conducted on normally consolidated clays.

Figure 2.18 shows the actual stress-strain curves from triaxial tests on normally

consolidated clays. Unconfined compression tests are undrained test of clays at zero
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cell pressure. These tests are widely used as a simple and easy method to determine

the unconfined compression strength and cohesion of the clay soil.

2.2.4 Consolidation Bchavior

The consolidation behaviour of clays measures the time dependent settlement
characteristics of clay. Foundations or structures on clay stratum frequently encounter
large time dependent settlement behaviour, which if not properly accounted for, may
cause severe cracks in as well as failure of the superstructure. The consolidation
behaviour of clays have been extensively studied by Barden, L.,(1969); Biot, M.A..
(1941); Ladd, C.C., (1973); Lambe, T.W. (1964); Newland, P.L. and Alley, B.H.,
(1960):

The consolidation characteristic of clay is determined by perfoffiling consolidation
test on clay specimens and plotting the normal consolidation curve or the so called e-
logp curve or void ratio by log of mean effective stress curve of the clay. The
consolidation test is used to obtain the coefficient of primary and secondary
consolidation from the normal consolidation curve. Figures 2.19 to 2.21 show some
typical consolidation curves of clay. Figure 2.22 shows time-settlement curves of clay

for various magnitude of stress increment.

2.3 Ccmcn tation

A problem frequently encountered during construction of structures or foundations on
clay stratums is the lack of adequate cohesive or shear strength of clays. One
approach, that is employed by many researchers and engineers, is to add chemical
additives such as lime or cement to improve the strength or compressibility
characteristics of clay. The effect of cement or lime on clay propetlies have been well
studied by Ingles, O.G. and Metcalg, J. B., 1972; Kamon, M. & Bergado, D.T., 1992;
Uddin. M.K. & Buensuceso, B. R., 2001, 2002; W.issa, A.E.Z, , Ladd, C.C. and
lambe, T.W., 1965. Figures 2.23 to 2.25 show the effect of addition oflime or cement



and curing period on the unconfined compression strength of clays. These effects are

described in detail in the subsections given below

2.3.1 Effect on Index Pl'operties

The effect of addition of lime and cement on the index properties of clays has been
studied. It has been observed that water content or void ratio decrease as a result of

addition of cement, while there is an increase in the unit weight and degree of

saturation. Among the Atterberg limits, the plastic limit and plasticity index increase
with cement content, with small or no reduction in the liquid limit. Significant
increase of the unconfined compression strength and preeonsolidation  pressure is
observed to occur as cement is added to clays. Figures 2.26 to 2.28 show the effect of

cement treatment on some engineering properties of clay.

2.3.2 Effect on Drained Response

The drained shear behaviour of cemented clays shows significant increase of shear

strength. However, due to increased stiffness due to cementation, the shear strain at

failure, in case of cemented clays, is observed to be significantly lower than that of
uncemented clays. Figures 2.29 and 2.30 show the effect of cement content on the
drained shear strength. Figure 2.31 shows the volume strain response of clays with

various cement content.

2.3.3 Effect on Undrained Response

Cementation of clays increases the undrained shear strength as well as shear slifnless.
In undrained shear, the pore pressure response at a given cell pressure is generally
lower for cemented clays as compared to uncemented clays. Figure 2.32 shows the
effect of cement content on the effective stress path during undrained shearing.
Figures 2.33 and 2.34 show the effect of cement content on the undrained stress-strain

and pore pressure response.
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2.3.4 Effect on Consolidation Response

Cementation increases the apparent preconsolidation pressure of clay soils. It however
decrease the slope of elastic rebound modulus i.e. it increase the elastic stiffness. The
consolidation response beyond the preconsolidation pressure is however observed to
be quite similar to that of uncemented clays. Figure 2.35 shows the effect of cement

content on the isotropic consolidation response of cement treated clays

2.4 Review of the Stress-Strain  Behaviour of Dhaka Clay

It will be useful to briefly review the properties of Dhaka clay. Such an investigation
helps us to identify the salient features that might be expected in Savar clays. The
gcneral characteristics of Dhaka clay has bcen dcsclibed in the work of several
authors (Siddique,A. and Safiullah, A.M.M, 1995, Siddique,A. and Sarker, IX, 1998,
Rahman, M.M 2000, Hasan, K.A, 2002, MJ, 2003 Hasan). Dhaka clay is generally
identi tied as the clay located in depths of 25 ft to 30 ft above the sand layer in
different areas of Dhaka region. The geologic and fomlation history of Dhaka clay is
generally dcscribcd to bc as follows. These are clays from the Pleistocene Terrace

Scdiments and some smaller part of recent alluvium period.

2.4.1 Index Properties

Indcx properties of Dhaka clay as obtained from the litcrature are as follows. The
natural moisture content of Dhaka clays is observed to vary between 17 % to 37 %,
the unit weight between 90 kPa to 115 kPa, liquid limit between 39 % to 50 %, and
plasticity index ranges li'om 18 to 29. The unconfined compresive strength of Dhaka
clays vary betwccn 3 ksfto 10 ksf, Table ALl of Appendix | lists some of the index
properties (Uddin, 1990) and Table Al.2 of Appendix | lists some of the geotechnical
parameters of Dhaka clay (Ameen, 1986). Table Al.3 of Appendix | shows the effect

of cement treatment on engineering properties of Dhaka clay (Uddin. K, 2004)



13

2.4.2 Stress-Strain  Behavionr

The drained and undrained stress-strain behaviour of Dhaka clays has been studied by
the following authors (Islam, MJ, 2003, Rahman, M.M, 2000). These tests indicate
that the stress -strain behaviour of Dhaka clay is similar to that of overconsolidated

clays.

2.4.3 Consolidation Behaviour

The consolidation behaviour of Dhaka clays have also been studied by various authors
(Islam, MJ, 2003). Figures 2.36 & 2.37 give some typical consolidation plots of
Dhaka clays. These plots show that Dhaka clays generally have a medium value of
void ratio, and the value of coefficient of consolidation indicates these are clays of
medium compressibility. The overconsolidation ratios computed for Dhaka clays

indicate them to be from lightly to heavily overconsolidated.

2.4.4 Effect of Lime and Cement

There has been a significant study on the effect of addition of lime and cement on
Dhaka clays (Hasan, K.A, 2002, Hasan, K.A, 2002). These studies include the effect
of percent of lime and cement added, and the curing period primarily on the
unconfined compressive strength and cohesion, and less frequently on the Atlerberg
limits of clay. The tests conducted were generally. the direct shear test or the
unconfined comprcssive strength. Figures 2.38 and 2.39 give the results of some plots
of the effect of addition of cement on the unconfined compression strength and
cohesion of Dhaka clays. Figures 2.40 and 2.41 give the results of some plots of the
effect of addition of lime of the unconfined compression strength and cohesion of
Dhaka clays. Table A1.4 of Appendix 1 summarizes the effcct of cement content on
the index properties of Dhaka clay, Table Al5 of Appendixl the effect of lime
content on the index properties, Tables Al.6 and ALl.7 of Appendixl shows the effect
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of cement and lime content respectively on the unconfined compressive strength of

Dhaka clay.

2.5 Constitutive Modeling

Constitutive models are used to describe the relationship between the stress and strain
of the soil. There are a variety of constitutive models describing the stress-strain
relationships for various soils such as sand, or clays (Atkinson, J.H. and Branshy,
P.L., 1978, Chen, W.F. and Mizuno, E., 1990, Dimaggio, F.L, and Sandler, I. S.,
1971, Drucker, D.C. and Prager, W., 1952, Gens, A. and Potts, D.M., 1988, Lade,
P.V. and Duncan, J.M., 1975, Lagioia, R. and Nova, R., 1993, Roscoe, K.H. and
Burland, J.B., 1968, Schofield, A. and wroth, c.P., 1968, Yu, H.S., 1995). In some
instances, these constitutive models have been modified to give the stress-strain
relationship of cemented clays and sands (Lagioia,R. and Nova, R.1993). The
following subsections describe some commonly used constitutive models to model the

stress-strain relationship of clays.

2.5.1 Traditional Approach

The traditional approaches to model clay behaviour are given by the Tresca model,
Von Mises model or the Mohr-Coulomb model. Figures 2.42 show the Mohr-

Coulomb model in generalized as well hJ2 space.

The drained stress-strain response of clays is generally obtained using the traditional
Mohr-Coulomb  model or the Drucker-Prager model. Figure 2.43 show the Drucker-
Prager model in principal stress space. These models are of the clastic, perfectly
plastic type and with few parameters. The advantages of these models are their

relative simplicity, and routine implementation in finite element codes.
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2.5.2 Modern Approach

The real behaviour of clays is neither elastic, nor perfectly plastic. Rather clay
behaviour is strain hardcning, elasto-plastic with ultimate failure at critical state line.
A framework based on these realities, was developed in the late sixties, came to be
known as the Modified Cam Clay model. Two and three dimensional plots of the
various aspects of the Modified Cam Cay behaviour are shown in Figures 2.44 to
2.45. The Modified Cam Clay model have been shown to give qualitatively good
simulation of the stress-strain response of normally consolidated and lightly

oversonsolidated clays.

2.5.3 Stress-Strain  Response of Ccmcented  Clays

The modeling of thc strcss strain response of cemented and structured clays has been
recciving increasing attention in recent times. Models by Lagioa and Nova 1993,

structured Cam Clay model by Liu and Carter, 2000 have incorporated cementation

and structure effects.

2.6 Boundary Value Problems

Enginecring problems of structures interacting with soils are modeled with finite
domains and boundaries. These problems are often tenned as boundary value of
problems in engineering. A suitable numerical approach is devised to predict the
rcsponse of both thc boundary and the domain to the boundary forces and restraints.
The numcral mcthods wuscd arc thc finite clement, finitc difference or boundary
clement type of method. Expcrimentalmodel  tests conducted on clay domains may be
simulated using the finite clement tcchnique and constitutive or stress-strain  models
of clay. The qualitative and quantitative agreements between the experimental model
test results and numcrical predictions often allow us to make indirect judgments

regarding the applicability of these models for describing clay behaviour.
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2.6.1 Experimental Modeling

Many kinds of geotcchnical cngincering problcms have been modeled experimentally
in laboratories. A common boundary value problem is the experimental modeling of
the load-displacement response of surface circular footings and single piles in clays
(Barden, L. and Monkton, M.F., 1970, Hanna, A.M. and Meyerhoff, C.G., 1981, Tate,
APK. 1963, van Weele, AF. 1957). AK.M Allisur Rahman Siddiquee has
completcd his M.Sc rcascrch on coastal clays of Bangladesh in BUET laboratory in
2006 by doing experimental investigation on model scale footing and pile. This
allows a greater understanding of the relationship of the footing or pile load-
displacement relationship with underlying clay properties. Figure 2.46 shows the
settlcment  of model footing of various shapes at ultimate failure and Figure 2.50, 2i5l
& 252 in flppendix I shows the experimental model scale footing and pile test on

coastal clays of Bangladcsh by Siddiquee 2006.

2.6.2 Numerical Modcling

The finite element method, coupled with an appropriate constitutive relationships to
model boundary value problems. The stress-strain  models commonly used for
boundary value problems of surface circular footings and piles in clays is either the
Mohr-Coulomb or Modificd Cam Clay model. The Modified Canl Clay model
appears to predict reasonably well qualitatively and to some extent quantitatively the
load-displacemcnt  response of surface circular footing and piles on clays. Figure 253.
254 & 255 in}ppendix 11l shows the numerical prediction of model scale footing and

pilc on coastal clays of Bangladcsh by Siddiquee 2006.

2.6.3 Finitc Elemcnt Method

The finite element method is widely used numerical method for civil engmeenng

problems. The finite element techniques wused for various problems has been
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extensively described in the literature (de Borst, R. and Vemleer, P.A., 1984,
Griffiths, D.V., 1982, Smith, LM., 1982, Wroth, C.P. 1977, Zienkiewiez, D.C. and
Naylor, D.1., 1971). The methods ofdiscreteization, numerical integration techniques,
generation of element and global stiffness techniques, iterative solution teclmiques for
elasto-plastic problems etc are all discussed in the finite element literature. Figures
2.47 through 2.49 show the domain modeling of footing and pile problems for finite

clement analysis.

2.7 Conclusion

The stress-strain  properties of clays have been widely investigated in geotechnical
engineering. The material properties of clays strongly influence the response of
structures resting on clay stratums. As clays in each region have distinctive
characteristics, it is important to undertake serious investigation of the stress-strain
behavior of clays in different regions. In this thesis, the properties of Savar area clays,
in remolded condition and with the addition of cemcnt, will be investigated in detail.
The stress-strain bahviour of Savar area clays, both cemented and uncemented, will be
simulated numerically under various conditions of drainage. Boundary value problem
of model surfacc circular footings and piles in Savar area clays will also be
cxperimentally and numerically modeled. Thesc detailed investigations of the stress-
strain behaviour of cemented and uncemented Savar area clays is cxpccted to help in
having a greater understanding of the clay soils of this area. The study is also
expected to help assess the feasibility of soil improvement in this area using grouting

or cementation tcchniques.



Figure 2.1 ldealized microscopic view of the structure of a clay soil (Casagrande A., 1932b)
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shearing of cemented clay at relatively low cell pressure (Kamal uddin, Advanced Ground

Improvement Techniques by cement and Lime Treatment, 2004)
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Figure 2.42 Mohr-Coulomb model In generalized and 11- J, space (Chen and Mizuno,

1990)
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Figure 2.43 Drucker-Prager models in principal stress space (Chen and Mizuno, 1990)
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CHAPTER-3

EQUIPMENT, INSTRUMENTATION AND METHODOLOGY

3.1 Introduction

One of the major objectives of this work is to simulate the stress-strain behaviors of
uncemented and cemented Savar area clays using critical state soil models. For this
purpose, it is necessary to determine appropriate soil parameters to be used as input in
these soil models. A series of laboratory tests was carried out to determine the input soil
parameters. In this chapter, the equipments used for the determiflation of geotechnical
parameters are described in detail for the sake of completeness. The basic equipments and
instruments used are described below in different articles. In addition, a simple setup
used for performing model footing and steel piles in cemented clays under K,

consolidation condition is also described here.

3.2 Equipment Used

The equipment that was used for determining the various soil parameters of Savar clay
are described below. An unconfined compression device was used to determine the
undrained shear strength of the remolded Savar clay as well as the remolded clay
cemented artificially by ordinary Portland cement to 7 % and 14 % of the weight of the
clay. The direct shear apparatus was used to determine the friction angle of the remolded
and artificially cemented Savar clay. This friction angle was used to compute the critical
state parameter M for the Modified Cam Clay model and its variations used in this thesis.
Soil slurry was prepared for preparing quality remolded samples. For this purpose, a
rotary mixer was used. A consolidation cell was used for consolidation of the soil slurry

under K, consolidation condition. The one-dimensional consolidation apparatus was used
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to determine the elastic and plastic compressibility parameters (A and K) of the remolded

SaYararea clay.

3.2.1 The Rotary Laboratory Mixer

For producing uniform soil slurry, a Hobart mixer machine was used. A photograph of
the Hobart rotary mixer machine, bowl and attachment is shown in Figures 3.1. The
rotary blades of this machine ensure proper mixing of soil particles with water over a
short period of time at the required moisture content. The mixture machine used has
dimensions of 738mm x 406mm x 489mm and includes a three speed gear box driven by
a fully enclosed and ventilated motor. The shift handle is connected mechanically with
the switch, giving definite gear location. It is necessary to switch off the motor before
changing gears. The beater shaft is carried on ball bearings. The bowl used to prepare the
slurry, locks at the top and bottom of lift travel. The lift travel is controlled by a

convenient hand lever.

3.2.2 Apparatus for K.. Consolidation of Slurry

For Ko consolidation of slurry, a consolidation mold attached to a loading frame was used
as shown in Figure 3.2. The dimension of the consolidation mold was as follows: 210
mm internal diameter and 180 mm in height. The cylindrical consolidation cell,
containing the soil slurry was placed on a rigid platfonn. The platform was raised
manually by rotating a wheel. In this way, the loading of the soil sample was achieved
using a loading ram and proving ring. In this process, continuous manual operation was
required to adjust position of the consolidation mold with deformation of the soil to
maintain required pressure on the sample. The proving ring was calibrated. The dial
gauge attached with the proving ring could be used measure the deformation of the
proving ring. The load imposed on the soil sample could be computed at any stage of

consolidation from the proving ring dial reading using the Calibration constant of the ring.
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3.2.3 Unconfined Compressive Strength Apparatus

The unconfined compression apparatus was used to measure the unconfined compressive
strength of the remolded and cemented Savar clay. The unconfined compressive
apparatus consists of a :ompression type-loading ram. A screw-jack-activated loading
yoke was used to apply the load to the soil. The axial load applied to the soil was
measured by means of deformation of a proving ring dial gauge. The deformation of this
dial gauge may be used with the calibration constant of the proving ring to compute the
load applied to the cylindrical soil specimen used to measure the unconfined compressive
strength. Loading rate is usually controlled manually by turning a hand lever. In this way,
axial strains of 0.5% to 2% per minute may be applied. A photograph of the unconfined

compression test apparatus with its various parts is shown in Figure 3.3.

3.2.4 Direct Shear Apparatus

Thc direct shear test was used to determine the ultimate friction angle of remolded and
artificially cemented Savar clay. The friction angle of the remolded and artificially
cemented clay was then used to compute the critical state parameter M for the soil. The
shear box of the shear testing equipment used was of standard size (63.5mm in diameter
and 25.4mm high). The shear box is split into two halves. The shear box was filled with
remolded clay and the top half of the box was slowly and gradually moved over the
bottom part of the box, shearing the soil specimen at the interface. A photograph showing
the shear box, loading arrangement and frame of the direct shear apparatus is shown in
Figure 3.4. The box is circular in section and it is split horizontally at the center level of
the soil specimen. The lower half of the box is rigidly held in position in a container. The
container as well as the lower part of shear box slides forward at a constant rate by a
geared jack. The jack is driven by an electric motor. The shear force applied on the upper

half of the box is indicated by a calibrated steel-proving ring through a proving ring dial
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gauge. The movement of the lower part of the box is transmitted through the specimen to
the upper part and hence, on to the proving ring. The resulting defonnation of the proving
ring dial gauge may be used to ‘compute the applied shear force on the soil specimen.
Metal grids and porous stones are used both at the top as well as the bottom side of the
soil specimen. Normal load is applied on the specimen from a loading yoke, which
applies pressure on a metal pad through a stcel ball. The volume change during
consolidation of the soil as well as during the shearing process is measured by a dial
gauge mounted at the top of the box. The test is thus of a strain-controlled type. The rate
of shear displacement or strain within the specimen could be controlled precisely using
appropriate gears of the motor controlling the movement of the shear box. The soil
specimen and the shear box may be submerged in water and the drainage of water from
or to the soil (as the case may be for either normally consolidated or over consolidated
specimens) through the porous stones may also be allowed for drained shearing of the

soil specimens.

3.2.5 Apparatus for One-Dimensional Consolidation Test

A one-dimensional consolidation apparatus was used to measure the elastic rebound and
plastic consolidation parameter of the remolded and cemented Savar clays. A specified
pressure was applied on the soil specimen by a jack, which is measured by a balance
scale. The ring used for the sample soil specimen was 63.5mm in internal diameter and
25Amm high. Two porous stones with filter paper were used to provide drainage from
both top and bottom of the sample. A dial gauge was used to measure axial deformation
during consolidation. A photograph of the one-dimensional consolidation apparatus is

shown in Figure 3.6
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3.2.6 Model Steel Cireular Footing and Pile

A model steel circular footing 20 mm in diameter and a model steel pile 75 mm in length
and 20 mm diameter with a pile cap was manufactured in the machine tools laboratory.
Soil slurry consisting of Savar clay was Ko consolidated at a given pressure on the
consolidation of 210 mm internal diameter and 180 mm height as described in section
3.2.2. The model steel footing was then rested at the center of this circular consolidation
mold. The loading frame of the consolidation mold was used to gradually apply steady
pressure on the model steel footing and the pressure applied to the footing as well as the
displacement of the model footing was recorded. Similar experiments to obtain the
pressure-displacement  response of model footings were conducted by consolidating a
mixture of ordinary portland cement and Savar clay slurry in the consolidation mold at
various proportions. In the same way, the model steel. pile with circular pile cap was
pushed into consolidation mold containing remolded Savar clay and artificially cemented
Savar clay respectively. Similar pressure-displacement response test of the model piles

were then carried out.
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Figure 3.1 Hobert laboratory mixer machine:
Photograph of attachment and bowl

(@) Photograph of the machine,
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Figure 3.2 Apparatus for K.,-consolidation of soil sluny

50



Figure 3.3 Unconfined Compression Test Apparatus
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Figure 3.6 One Dimensional Consolidation Test Apparatus
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CHAPTER-4

DETERMINATION OF SOIL PARAMETERS

4.1 Introduction

The use of undisturbed samples of soil for testing is desirable for the study of field
behavior of structures constructed on such soils. However, such samples are seldom
uniform due to complex geological conditions under which they fonn over a long period
of time. Thus from results of test on such soil samples, it is rather difficult to generalize
the effect of soil parameters on the stress-strain behavior of soils. For a systematic study
of the effect of various soil parameters on the stress-strain behavior of soils, it is essential
to use uniform reconstituted samples prepared under controlled conditions in the
laboratory (Hvorslev, 1960). In this chapter, the process of obtaining critical state
parameters of reconstituted Savar clay determined from selected laboratory tests are
presented. The laboratory investigations made on the soil sample are described in detail

in this chapter.

4.2 Soil Used

For the present study, disturbed soil samples were collected from Habib Tower area,
Bank-Colony, B-Block, beside the Dhaka-Aricha high way at Savar, Dhaka, Bangladesh.
The soil samples were collected from the area of excavation for foundation of Habib
Towecr. Disturbed samplcs werc collected from the bottom of thc cxcavation pit by using
hand shovels. The samples were packed in large polythcne bags and then measurements
were taken to transport them to the Geotechnical Engineering Laboratory of Bangladesh

University of Engineering and Technology (BUET), Dhaka. After collection of the
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samples, any debris, COLlrse aggrcgatcs and vegetations that were present In the soil

samples were removed by visual inspection

4.3 Geological Aspects of Savar Clay

The geological aspect of Savar clay, which is located in Dhaka district, is expected to be
similar to that of Dhaka clay, which has been extensively studied and investigated. The
city of Dhaka is situated on the southem part of Modhupurgor, which was formed by
older Pleistocene Terrace sediments according to geological literature. Dhaka soil
belongs mainly to the category of Pleistocene Terraces. Some smaller parts of the soil of
this district belong to recent alluvium. Pleistocene and recent samples do not appear to
differ in maximum grain size. However, an excess of very fine-grained material is
observed in the Pleistocene samples (Morgan et. Al.,, 1959). Pleistocene sediments are
generally well oxidized and are consequently typically reddish, brown or tan in colour
and arc mottled. A description or the geological soil profile over Dhaka is provided by

Eusufzai (1967) and Ameen (1985).

Most Dhaka soils bclOJ:g to Dihing formation of Pleistocene age. These formations
generally have a thickness ranging between 8 to 9 meters. It generally consists of clay,
more specifically red clay, fine sand and pebbles, which are mostly mottled. Dupi-Tila
formation underlies the Modhupur clay residuum, which is locally called Dhaka clay.
Dupi-Tila formation consists of clay, fine sands, medium sands, clayey lenses, sub-
ordinate shale and poorly consolidated sand stone. It is massivc and thick bcdded, and it

is yellow to yellow brownish in color.

A part of the area to the east and west side of Dhaka consists of recent Alluvium. These
alluvium deposits consists of stream deposits, natural levec and back slope deposits,
swamp deposits and inter-stream deposits. Although some part of Dhaka is covered by

recent alluvium, most of Dhaka soil is of older Pleistocene deposits.
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The state of over consolidation of most of the natural Dhaka soil deposits may be
characterized as slightly too heavily over consolidated. The city of Dhaka is at an
elevation ranging from 6 to 8 meters above the mean sea level. The top layer of Dhaka
soil generally consists of a mixture of clay and silt. The depth of this top layer varies
from 6 meters to 7.5 meters from the surface of the ground. Clay layer at this depth of the
Savar zone of Dhaka district is currently under research. Layer of coarser materials such
as sand and gravel exists at the lower levels and layers of finer particles such as clay and

silt dominates the top surface.

4.4 Engineering Properties of Savar Clay

In order to characterize the soil from a geotechnical point of view, it is necessary to
determine index properties of soil samples. This section describes the procedures
followed to determine the index properties of Savar area clay. After collecting disturbed
soil samples, these were first air dried and then any soil lumps found were broken
carefully with a wooden hammer to bring it in powder form. The soil samples were then
sieved through a number 40 ASTM sieve. The following tcsts were perfonned to

determine index properties of the Savar area clay as prepared above:

(i) Specific gravity
(ii) Atterberg limits and

(iii) Grain size distribution

The specific gravity (ASTM D854 ), liquid limit (BSI377 ), plastic limit (BS1377 ),
plasticity index (BSI377 ), and grain size distribution (ASTM D1140) of the soil
samples were then detemlined. Using MIT Classification System (1931), the percentage
of sand, silt and clay in the soil samples were determined. The soil was also classified

according to Unified Soil Classification System (Casagrande, 1948). Table A2.1 of
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Appendix 1l shows the index properties and classification of the soil used. Also Table
A2.2 of Appendix Il Shows the index properties of different percent of cemented Savar

area clay.

4.5 Preparation of Reconstituted Soil
45.1 General

Reconstituted Savar clay was prepared by mechanically breaking down the excavated
Savar clay in the laboratory, mixing it with water and different percent of cement
(uncemented and 7%, and 14% cement) for cementation to prepare soil slurry and finally
reconsolidating the soil slurry with a selected overburden pressure under K, condition.
Reconstituted soil enables a general pattern of behavior to be established. These
behaviors may be correlated with index properties of clay and other laboratory obtained
soil parameters. Additionally, comparisons with the response of intact samples may be
used to identify any special features associated with fabric, stress history, bonding or
cementation. The major advantages of using data from reconstituted soils are that the
effect of sampling of natural soils and the effect of inhomogeneity inherently present in
natural soils can be eliminated. On the other hand, the effects of stress history and
composition of soils may be reproduced in the laboratory and thus can be represented and
can be correlated with laboratory obtained soil parameters. However, the important
effects of post depositional processes, such as ageing, leaching, etc. and of variations of
composition and fabric are generally not included in remolded soils. Thus the stress-
strain behavior of reconstituted Savar clay as will be discussed in the following chapters
will represent the stress-strain behaviors of young or un-aged soils, without cementatioll

or structure, in which no post-depositional processes is assumed to have operated.
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4,5.2 Preparation of Soil Slurry

For prepanng remolded soil samples, clay slurry with an initial water content well
beyond the liquid limit is commonly used (Siddique, 1990, Hopper, 1992). Initial water
content higher than the liquid limit provides several advantages. It provides a higher
degree of saturation and thus a higher freedom of particle orientation. However, this
requires larger initial volumes of soil-water mixture and longer consolidation periods. In
this study, an initial water content which was just sufficient to yield uniform and
homogeneous slurry was used. This was done to reduce the volume of clay-water mixture
and also to reduce the consolidation time required for consolidation of the soil samples.
The samples were first air dried and powdered with the help of a wooden hammer. The
powdered samples were then sieved through No. 40 sieve and the sieved samples were
mixed with water and different percent cement for cementation at approximately 1.5
times the liquid limit to form soil slurry. The soil and water were thoroughly mixed by
hand kneading to form slurry to ensure full saturation. The product was then further

remixed uniformly by using rotary laboratory mixer for about 30 minutes.

4.5.3 Consolidation of Slurry

The soil slurry was K,-eonsolidated in a cylindrical consolidation cell of 210 mm
diameter and 180 mm in height. At the bottom of the consolidation mold, a geotextile and
a 6 mm thick perforated steel disc were placed for bottom drainage. The inner wall of the
cylindrical consolidation mold was coated with a thin layer of silicon grease. This would
minimize the side friction during consolidation of the clay sample. The prepared slurry
was gradually poured into the I(,,-consolidation cell and stirred with a steel rod to remove
any entrapped air from the slurry. After removing the air bubble, the top surface of the
soil sample was leveled propcrly. At the top of the slurry, a geotextile filter followed by a

perforated steel discs was placed to permit top drainage. There was a clearance of a few
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millimeters in between the perforated discs and inside edge of the cell. This would

eliminate any side friction during consolidation of soil slurry.

The required axial load of 1SO kN/m? was gradually applied to the soil sample in the
consolidation mold using a loading frame with proving ring. Initially the slurry was
allowed to consolidate by the self-weight of the sample and the weight of the porous
discs for about 24 hours. Initially, a pressure of 14 kN/m? was applied to the sample for
the every 24 hours. Subsequently, the pressure was increased gradually; until at the end
of one week the consolidation pressure was brought to the target value of ISO kN/mz
This pressure (150 kN/m?% was maintained until the end of primary consolidation, which
was indicated by the constant reading of the compression dial gauge. It took about
fourteen to fifteen days for the completion of primary consolidation. Rate of compression
was very rapid at the initial stages of consolidation. However, this rate gradually
decreased with time. After the completion of consolidation, the top and bottom part of the
cell were separated. The consolidated soil sample or soil cake was then extruded using a
mechanical extruder. A soil cake was obtained by the above procedure. The unifomlity in
density and moisture content of the consolidated soil cake was checked from moisture
and density of specimens from two to three locations within the cake. The average water
content of the reconstituted normally consolidated Savar area clay sample was computed

to be 42.5 "= 1%. The average water content of the cemented Savar area clay samples

were 40.5 "= | %,

4.6 Selection of Overburden Pressure

Early researchers considered a consolidation pressure (o~ yc) of 276 kN/m2 was the
minimum consolidation pressure necessary to prepare remolded clay samples which are
stiff enough to prepare soil specimens for testing. However, KirklJatrick and Khan, 1984
after subsequent studies with remolded samples concluded that remolded samples

consolidation to consolidation pressures of oyc = 150 KN/m? could be used to prepare
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soil specimens for testing. It was also observed that this produced insignificant difference
in undrained stress-strain behavior. Similar results were observed by Bashar, 2002 in his
research investigation. So in the present study the reconstituted samples were prepared in

by consolidation pressure equal to 1SOKN/m?

4.7 k, Value of Soil Samples

The determinations of the exact value of k, for clay samples is difficult and still the
subject of study and research. Some empirical formulas arc available for determination of

the value of k, for clays. Bashar (2002) used a stress path approach in triaxial tests to
determine the ko, value of coastal clays of Bangladesh. Based on research evidence and

experimental results of Bashar (2002) the k, value of reconstituted Savar clay was

assumed to be 0.50 in this study.

4.8 Preparation of Test Sample

After consolidation of thc soil slurry, the reconstituted normally consolidated Savar area
clay with or without cementation block sample was extruded from the consolidation cell.
The extruded block sample was then sliced into small blocks by a wire knife. The small
block samples were subsequently trimmed by using a piano wire. A split mould was then
used to prepare samples of nominal dimensions of 38 mm diameter by 76 mm high.

Unconfined compression test were then performed on these samples.

Block samples were also prepared for unconsolidated slow direct shear test and one
dimensional consolidation test. For performing these tests, small slabs of clay were
obtained out of reconstituted samples from large consolidation cell. Then a sample ring of
63.5 mm diameter by 25.4 mm high having its internal surface well covered with silicon

grease was gradually and in stages pushed into the clay, which was continuously being
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trimmed away from the cutting edge of the ring with a knife. These soil samples were

then used to perform slow dircct shear test and one dimensional consolidation tests.

4.9 Unconfined Compression Test

Unconfined compresslOn tests were conducted on the prepared samples of remolded
Sayar area clays, with and without cementation. Table A2.3 of Appendix Il tabulates the
test results of the unconfined compression test. Figures 4.1 to 4.3 show the axial stress vs
axial strain relationship in unconfined compression test of reconstituted Sayar area clay
without cementation and with 7% and 14% cementation. It was observed that

cementation significantly increases the undrained compression strength of remolded

Sayar area clays.

410 Direct Shear Test

Direct shcar tests were performed on prepared samples of reconsolidated Sayar area clay
with and without cementation. Table A2.4 of Appendix Il summarizes the direct shear
test results. Figures 4.4 to 4.6 show the shear stress ys shear displacement relationship of
reconstituted Sayar area clay without and with cementation. It was observed that although
cementation significantly increased the failure shear stress of Sayar area clay. However it
was observed that the friction angle of the remolded Sayar area clay was not significantly

affected by the degree of cementation.

4.11 Onc-Dimcnsional Consolidation Tcst

One dimensional consolidation tests were performed on prepared samples of
reconsolidated Sayar area clay with and without cementation. The plastic parameter ..1-

was determined from the slope of the normal consolidation line and the elastic
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parameter k was detemlined from the slope of the elastic rebound line. Table A2.5 of

Appendix 1l summarizes the two consolidation parameters for reconstituted Sayar area
Figures 4.7 to 4.9 show the e-log p curve of

It is observed that the plastic

clay, with and without cementation.
reconstituted Sayar clay with and without cementation.
consolidated curve and elastic rebound curve of Sayar area clay with and without

cementation are similar to typical consolidation curves generally observed for clays
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CHAPTERS

UNDRAINED PREDICTIONS USING THE MCC MODEL

5.1 Introduction

A model originally devised in Cambridge and termed as the "Modified Cam Clay
Model" (MCC), is generally used to simulate the stress-strain response for clays. In this
chapter, the Modified Cam Clay model was used to numerically simulate the stress-strain
and pore pressure response of Savar clays, with and without cementation, and for
different over consolidation ratios (OCR) .The model parameters for the MCC model
relevant for undrained analysis of remolded Savar clays, with and without cementation,
was obtained from laboratory tests of reconstituted Savar clay samples. The undrained
stress-strain response, effective stress paths and pore pressures predicted by the MCC
model, for various OCR's was compared, both for the uncemented and cemented cases.
Finally, conclusions were drawn regarding the capabilities of the MCC model to predict
the undrained response of reconstituted Savar clays for various OCR's, and with and

without ccmentation.

5.2 Modified Cam Clay (MCC) Model

The Modified Cam Clay Model (MCC) is a critical state model incorporating volumetric
strain hardening assumptions. The model has bccn generally observed to predict, with
reasonable accuracy, the stress-strain response of normally consolidated reconstituted
clays. The prediction of the qualitative response for reconstituted over consolidated clays

is also generally observed to be quite satisfactory. The significant aspects of the MCC

model are described below.
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5.2.1 The Critical State

The MCC model is based on the critical state concept. The critical state is defined to be
that condition of the soil at which the soil shears continuously at constant stress and at
constant volume. Such a condition is observed at failure of the soil at it's ultimate state.

The critical state occurs at a certain ratio of the mean effective stress p' and the shear or
deviator stress g. The critical states may be defined by a straight line in (p' , q) space.
This straight line is termed as the critical state line. The slope of this line is termed as the
critical state ratio generally identified by the parameter M. The mean pressure p' and the
deviator or shear stress g at the octahedral plane is given in terms of the effective

principal stresses 0-1,0-7,0- as below:

(5.1)

(5.2)

M= g (5.3)
PI

In the above equations 0-; is the major principal effective stress and 0,,0, are mmor
principal effective stresses. M is the critical stress ratio. Pl and (]| are respectively the

mcan effective stress and deviator stress at the ultimate or failure state.

5.2.2 Yield Function

The combin'ation of mean and effective stresses (p' , q) at which the soil starts to have
irrecoverable or plastic deformations may be represcnted by a convex function in (p' , q)

space. This function may be represented as follows:

(5.4)
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Equation (5.4) is called the yield function, where p~is the preconsolidation pressure of
thc soil. In the Modified Cam Clay model, preconsolidation pressure p— is the soil

parameter which dctermines the size of the yield locus in the effective stress space. Once

the stress state touches the yield locus, the stress-strain response bccomes elasto-plastic.

p~is also termed as the hardening parameter in elasto-plasticity. For stress states within

the yield function, the stress-strain response of the soil is assumed to be elastic.
5.2.3 Strain Hardening

At stress states on the yield function, an increment of stress applied outside of the yield
function, results in incremental plastic strains. At the same time the value of the
hardening parameter p— increases. Consequently the vyield function expands and the
current stress state lies on the new expanded vyield surface. The elastic region is
permanently expanded. This is observed as an apparent hardening effect if the soil is
unloaded and then reloaded. The hardening parameter p~ is related to the plastic
volumetric deformation of the soil. This may be derived from the e-log p' or void ratio

by log of mean effective stress relation of a soil. It is given as follows:

(5.5)

In equation (5.5), p~ is the preconsolidation pressure, dp~ is the incrcment of

preconsolidation pressure, € is the void ratio, and A and « are respectively the slope of

the normal consolidation line and clastic rebound line of the e -log p' line.
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5.2.4 Plastic Potential Function

At the vyield or plastic condition, the Modified Cam Clay model assumes the ratio of
incremental plastic volumetric strains to incremental plastic deviator or shear strains to be

related to the stress ratio 1/ as follows:

dey M _-N 59
de”, 2n
where 77=.IL

p

In equation (5.6), M is the critical stress ratio. At stress ratios 77> M , the soils undergo
expansive volume strain and soften. At stress ratios 77 <M , the soil goes compressive
plastic volume strain and hardens. At the critical state ratio M. the incremental plastic

volumetric  strain is zero and the soil becomes perfectly plastic.

Assuming associated flow rule and integrating equation (5.6), the yield and the plastic

potential function for the Modified Cam Clay model may be obtained as below:

|
(I3II-) : p_;_ = I (5.7)
Mp’ P

Figure 5.1 shows the MCC vyield locus and plastic potential function inp' -q space and

Figure 5.2 shows the position of the normal consolidation line (NCC) and critical state

line (CSL) in e-log p' space.
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5.2.5 Elastic Behavior

The MCC model assumes elastic stress-strain response for stress states within the yield
locus. The MCC model defines a pressure dependent non-linear stress-strain response
defined by the elastic bulk modulus and elastic shear modulus. The elastic bulk modulus

of the MCC model is given as below:

P (5.8)

Generally, a constant value of the Poisson's ratio # is assumed in the MCC model. The

elastic shear modulus G is then obtained as below:

R (5.9)
2(1 +1))

5.3 Suitability of the Modified Cam Clay Model for Savar Clays

The Modified Cam Clay model has been used by many researchers to successfully
predict the stress-strain response of many types of clay under triaxial stress states, both
for drained and undrained conditions. From observations of physical characteristics, and
from the results of basic index and other laboratory tests conducted in remolded Savar
clays, it is reasonable to assume that the Modified Cam Clay model is likely to be
appropriate for predicting the undrained stress-strain response of remolded Savar clays

under triaxial conditions.
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5.4 Modified Cam Clay Parameters for Savar Clays

There are five parameters used for the Modified Cam Clay model. Two of them are
elastic parameters. These are the slope « of the elastic unload-reload line plotted in the
e-In p' space, and the elatic Poisson's ratioJl. The remaining three are plastic
parameters. These arc the slope of the normal consolidation line A., preconsolidation

pressure p: and the critical stress ratio M. The MCC model parameters may be obtained

from conventional laboratory tests. These parameters may be directly related with the
physical and mechanical properties of the soil. The selection of the Modified Cam Clay
model parameters for reconstituted Savar clay (with and without cementation) from
laboratory test are described in the following sections. The laboratory tests conducted on
reconstituted Savar clays, with and without cementation, have been already discussed in

Chapter 3.
5.4.1 Elastic Parameters

k 1s the elastic parameter of the Modified Cam Clay model. It was obtained by
computing the slope of the unload-reload part of the consolidation curve of reconstituted
Savar clay. It was observed that although there is little change of the value of « for
relatively lower degrees of cementation (7%), a significant decrease of the value of the

elastic rebound parameter « occurs, for relatively higher degrees of cementation (14%).

Tlle undrained elastic Poisson's ratio for remolded Savar clays was assumed to be close
to 0.49. From the theory of elasticity it can be shown that a value of elastic Poisson's
ratio of 0.5 implies volume incompressibility. This is the basic assumption for undrained
condition. In this research study, an elastic Poisson's ratio of 0.49 was assumed for

numerical stability.
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5.4.2 Plastic Parameters

The plastic parameter It of reconstituted Savar clay, with and without cementation, was
obtained by computing the slope of the virgin portion of the normal consolidation line of
the reconstituted Savar clay, with and without cementation, and drawn in e -log 0"
space. The normal consolidation lines for Savar clays were plotted by conducting

K, consolidation  tests on reconstituted Savar clay samplcs (with and without
1, - - - -
cementation). The parameter 0 . Is the pressure at which the slope of the consolidation

line of the remolded Savar clay, with and without cementation, is observed to change
from elastic (low) to plastic (high). No abrupt change was observed for reconstituted
Savar clays without ccmentation. Rather the change was smooth and gradual. The value
of }~changed significantly with ccmentation of the remolded Savar clay. An empirical
approach was used to make an estimate of the preconsolidation pressure p from the Ko
consolidation curve. Such approaches are described in standard soil mechanics text. The
parameter N is generally used to define the void ratio at unit pressure on the normal
consolidation line. N is used as a parameter of the Modified Cam Clay model. The value
of N is dependent on the unit of the mean effcctive pressurc p' . N defines the position of
the virgin or normal consolidation line in e-log p' space. Once the value of It, p: and

N are determined, then the normal consolidation line is defined uniquely at e-log p'

space. The method for obtaining It, p: and N is further elaborated below.

Rcconstituted Savar clays, with or without cementation, undcrgo consolidation or time
depcndent stress-strain response. From Ko consolidation tests on reconstitutcd Savar clay
samplcs, void ratio by effcctive strcss (e -log 0™) curves or Ko consolidation curvcs,
were obtaincd. From thc consolidation curvc of reconstitutcd Savar clays (with and
without cementation), the slope k of the elastic rebound curve, the slope It of the normal

consolidation line was obtained. The preconsolidation pressure p was computed from



76

the empirically  determined  vertical  consolidation  pressure  Cf. - The vertical
preconsolidation ~ pressure Cr; was identified for Savar clays from the break of elastic
rebound and plastic consolidation part of the e -log Cr; curve. This gives three of the 6

MCC model parameters. The initial void ratio of the reconstituted Savar clay, another

parameter of the MCC model, was also obtained from the e - log CI; curve.

5.4.3 Critical State Parameters

The critical stress ratio (M = B]( ) at the ultimate stress state gives the value of the

critical state parameter, M of the MCC model. The ultimate stress state is the condition, at
which soil shears at constant stress and constant excess pore pressure (undrained case) or
constant volume strain (drained case). The locus of ultimate stress states is generally a
straight line passing through the origin in (P',q) space. This line is temled as the critical
state line. The slope of the critical state line gives the critical state ratio M. For
reconstituted ~ Savar clay with 7% and 14% cementation, and without cementation, the
ultimate friction angle was obtained by performing drained or slow direct shear tests and
plotting the ultimate Mohr-Coulomb  line in r - ¢ Or shear stress versus effective

normal stress spacc. The critical state parameter M was then indirectly detemlined from

the drained friction angle using the following relation:

M _ Gsin~ (5.10)
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5.4.4 Modified Cam Clay Parameters for Sayar clay

The Modified Cam Clay model parameters obtained for reconstituted Sayar clay, without
cementation, and with 710 and 14% cementation, are summarized in Table 5.1. It can be
clearly shown from Table 5.1 that as cementation of the reconstituted Sayar clay is
increased from 0'10 to 14%, the plastic slope of the normal consolidation line decreases
approximately 200% (from about 0.197 to 0.1). The slope of the elastic rebound line or
elastic stiffness of reconstituted Savar clay also decreases by about 300"10 (from about
0.033 to 0.01). On the other hand, the apparent preconsolidation pressure p: was
observed to increase as cementation was increased in the reconstituted Sayar clay. A
small apparent increase of the critical state ratio M (approximately 12%) was also

observed to occur with increase of cementation of the reconstituted Savar clay from 0%
to 14%.

Table 5.1 The MCC model parameters

Modified Cam Normal Sayar 7%Cemented 14% Cemented
Clay Parameters Clay Sayar Clay Sayar Clay

A .29 197 |

K 0.033 0.03 0.01

M 1.16 1.25 1.3

P KPa) 133 375 466

Jl 0.49 0.49 0.49

5.6 Numerical

A numerical analysis was undertaken to predict the stress-strain and pore pressure

response of reconstituted Sayar clays, with and without cementation, using the Modified

Modeling of Triaxial Shear
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Cam Clay model. For this purpose, the finite element program AFENA (Carter and
Balaam, 1995) was used. The consolidation and triaxial shearing test of reconstituted
Savar clay (with and without cementation) was simulated using a single element finite
clement model. An 8-noded axisymmetric, quadrilateral and isoparametrie element with
reduced Gaussian integration was used. The MCC model was used as the constitutive
model. The MCC model parameters for the reconstituted Savar clays, with and without
cementation, were input in finite element program. A constant all round cell pressure was
numerically generated in the element model and the response of the soil element to
isotropic load was first computed. Vertically downward displacement was subsequently
applied at the top boundary nodes of the single finite element. The bottom boundary was
fixed in the vertical direction. The lateral boundaries were allowed to move freely both
vertically and in the radial direction. An incremental iterative analysis with stress scaling

and drift correction was employed.

5.7 Numerical Prediction of Undrained Tests

In the procedure described above, a numerical simulation of consolidated undrained
laboratory shearing of reconstituted Savar clays (with and without cementation) under
triaxial states of stress was can.ied out. A zero volume change condition is simulated in
finite element modeling by using a value for the elastic bulk modulus of water several
orders of magnitude higher than the elastic bulk modulus of the soil element. This value
is then added to each of the diagonal terms of the elasto-plastic stress-strain matrix of the

soil clement.

5.8 Prediction of CIU Response of Savar Clays

During an undrained triaxial shear, the stress-strain response of reconstituted Savar clay,

Savar clay with 7% and 14% cementation were predicted using the MCC model

parameters which arc given in Table A5.1. Numerical predictions were obtained for over
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consolidation ratios (OCR's) of 1, 2, 5, 10,20 and 30 respectively. The predictions of
numerical response of reconstituted Savar clays, using the MCC model are discussed in

detai | below.
5.8.1  Stress-Strain

Figures 5.3 to 5.8 show the predicted behaviour of undrained stress-strain response of
reconstituted Savar clays, with and without cementation, at different OCR's in triaxial
shear, and using the Modified Cam Clay model. It is observed that in each case, the MCC
model predicts non-linear strain hardening behavior. At the ultimate state, the clay
undergoes continuous axial strains at constant deviator or shear stress. This, by definition,
is the critical state of the clay .It is also observed that the higher value of OCR, the lower
the soil stiffness. This is an expected prediction of the Modified Cam Clay model. For a
given preconsolidation pressure, a higher OCR implies lower cell or consolidation
pressures. As the MCC model assumes the elastic stiffness to be directly proportional to
the cell pressure, higher OCR wvalues imply lower elastic stiffness, which has been

observed in the numerical predictions.
5.8.2 Stress Path

Figures 5.9 through 5.14 show the predicted undrained stress paths for remolded Savar
clays with 0%, 7% and 14% cementation at different OCRs. It is observed from the
undrained stress paths that for normally consolidated clays, decreasing effective stresses
and positive pore pressurcs are predicted. For over consolidated clays, increasing
effective stresses and negative pore pressures are predicted. The stress paths predicted by
MCC model for highly over consolidated clays are straight vertical lines initially in

p' _ qspace. This happens as the Modified Cam Clay model simulates elastic behavior

prior to yielding for high OCR clays.
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The pore pressure predictions for reconstituted Savar clays without cementation, and with
7% and 14% cementation, are shown in Figures 5.15 through 5.20. The stress-strain and
pore pressure predictions for reconstituted Savar clays, with and without cementation,
using the Modified Cam Clay model, are observed to be qualitatively similar to the actual
stress-strain and pore pressure response typically exhibited by clays. The MCC model
predictions for cemented clays are qualitatively similar to that of uncemented clays.
However, the predicted quantitative stress-strain and other values of remolded Savar
clays, with and without cementation, are observed to be different. This is expected, as the
predicted difference of cemented and uncemented Savar clays occur as a result of the

different values of the MCC model parameters used for different degrees of cementation.

5.9 Comparison of Cemented and Uncemented Behavior

Numerical predictions were obtained for the stress-strain and pore pressure response of
reconstituted Savar clays, with and without cementation, for different degrees of over
consolidation ratios. In thc following subsections the predictions for reconstituted Savar
clays, with and without cementations, for normally and lightly over consolidated clays, as

well as those for highly overconsolidated clays, are compared.

5.9.1  Stress-Strain

Figures 5.21 through 5.23 compare the MCC model predictions of stress-strain response
under undrained conditions of normally consolidated reconstituted Savar clays and Savar
clays of relatively low overconsolidation ratios. The reconstituted Savar clays considered
here have 0%, 7% and 14% cementation with overconsolidation ratios (OCR's) of I, 2
and 5 respectivcly. It is observed from the figures that the MCC model predicts increased

initial shear stiffness and ultimate shear resistance of the soil with increasing degrees of

cementation.
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Comparison of the predicted stress-strain response using the MCC model for highly
overconsolidated reconstituted Savar clays, with and without cementation, and under
undrained conditions, are shown in Figures 5.24, 5.25 and 5.26. The OCR values in this
case are 10, 20, and 30 respectively. It is observed from the figures that in this case also
the Modified Cam Clay predicts increased initial shear stiffness and ultimate shear
resistance of the soil with increasing degrees of cementation. It is also observed from the
figures that the Modified Cam Clay predicts decreased initial shear stiffness as well as

decreased ultimate shear resistance of the soil with increasing OCR values.

5.9.2 Stress Path

Figures 5.27, 5.28 and 5.29 compare the undrained stress-paths of the uncemented
reconstituted Savar clay and those with 7% and 14% cementation. In this case also,
normally consolidated case (OCR value of 1) and the cases of low and moderate
overconsolidation ratios (OCR values of 2 and 5), are compared. For normally
consolidated Savar clays, incrcase of deviator stress with decreasing mean effective stress
is predicted, until failure occurs at the critical state. Clay samples with higher degrees of
cementations show higher initial preconsolidations stresses and failure at higher deviator

stresses. A low overconsolidation ratio 2 shows vertical stress paths in p' - g space, for

all degrees of cementation. This implies that there is no change of mean effective stresses
and no excess pore pressure development until failure. This is only possible ifpure elastic
conditions prevail prior to failurc. It can be shown, that for undrained conditions, and
using thc Modified Cam Clay model, this is a reasonable prediction. For modcrate
overconsolidation ratio 5, for both cemented and unccmented case, a vertical stress path
is obscrved initially. However, negative pore pressure or suction pressure is predicted
after a certain deviator stress is reached. This is evidenced by the fact that the stress path

rotates to the right, showing increase of mean effective stresses. In all cases, higher
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degrees of cementation show increased deviator stress at failure. These predictions are in
accordance with those that may actually be expected for clays with higher dcgrees of

cementation.

Figures 5.30, 5.31 and 5.32 compare the undrained stress paths of reconstituted Savar
clays with and without cementation (0%, 7%, and 14%), at different OCR values. In all

cases (0%, 7%, 14% cementation and OCR values of 10, 20,30), a vertical stress path is

observed initially. However, negative pore pressurc or suction pressure is predicted aftcr

a certain deviator stress is reached. This is evidenced by the fact that the stress path
rotates to the right, showing increase of mean effective stresses. In all case, higher
degrees of cementation show increased deviator stress at failure. These predictions are
also in accordance with those that may actually be expected for clays with higher degrees

of cementation.

5.9.3 Pore Pressure

Figures 5.33, 5.34 and 5.35 show the pore pressure response for reconstituted Savar clays
for various degrees of cementation and for OCR values of I, 2 and 5 respectively. For
normal consolidation, positive pore pressures are predicted for all degrees of
cementation. However, the predicted pore pressures are higher, the higher the degree of

cementation. For low overconsolidation ratio (OCR equals 2), the predicted pore

pressures are either zero or close to zero, for all degrees of ccmentation. For moderate
consolidation ratio (OCR equals 5), negative pore pressures are predicted in all cases.

The predicted suction pressures are highcr, thc higher thc dcgrce of ccmentation.

Figures 5.36, 5.37 and 5.38 show the porc pressure rcsponses for reconstituted Savar
clays for various degrees of cementation and for OCR values of 10, 20 and 30

respectively. In all cases (0%, 7%, 14% cementation and OCR values of 10,20 and 30
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respectively), negative pore pressures are predicted. However, the predicted negative

pore pressures are higher, the higher the degree of cementation.

5.10 Summary and Conclusions

The MCC model was used to predict the stress-strain, excess pore pressure and effective
stress path of reconstituted Savar clays without cementation, and with 7% and 14%
cemcntation, during undrained shearing under triaxial conditions. It was observed that the
MCC model is a good qualitative predictor of the undrained shearing response of clays.
The MCC model predicts qualitatively similar responses for reconstituted Savar clays,
with and without cementation. The quantitative predictions of the model for different
degrees of cementation are however different. Modified Cam Clay model predictions
were also obtained for various degrees of over consolidation. For highly over
consolidated clays, an initial elastic response was observed before the onset of yield. This
is more obvious from the observed stress paths for over consolidated clays. The
qualitatively predictions of Modified Cam Clay model for reconstituted Savar clays, with
and without cementation, appear to be similar to those actually observed for typical clays

during undrained shear in triaxial condition.
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Figure 5.5 MCC prediction of undrained stress-strain response of normally consolidated
and low OCR 7% cemented Sayar clay
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Figure 5.7 MCC prediction of undrained stress-strain response of normally consolidated
and low OCR 14% cemented Sayar clay
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Figure 5.8 MCC prediction of undrained stress-strain response of highly consolidated
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Figure 5.12 MCC prediction of undrained stress path of highly overconsolidated 7%
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Figure 5.15 MCC prediction of excess pore pressure response of normally consolidated
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Figure 5.21 MCC prediction of undrained stress-strain response of normally consolidated
reconstituted Savar clay (OCR =1) for varying degrees of cementation.
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Figure 5.23 MCC prediction of undrained stress-strain response of moderately
overconsolidated (OCR =5) reconstituted Sayar clay for varying degrees of cementation
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Figure 5.24 MCC prediction of undrained stress-strain  response of highly
overconsolidated (OCR = 10) reconstituted Sayar clay for varying degrees of cementation
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Figure 5.25 MCC prediction of undrained stress-strain  response of highly
overconsolidated (OCR =20) reconstituted Sayar clay for varying degrees of cementation.
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Figure 5.36 MCC prediction of excess pore pressure response of highly overconsolidated
(OCR =10) reconstituted Sayar clay for varying degrees of cementation.
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Figure 5,37 MCC prediction of excess pore pressure response of highly overconsolidated
(OCR =20) reconstituted Sayar clay for varying degrees of cementation,
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Figure 5.38 MCC prediction of excess pore pressure response of highly overconsolidated
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CHAPTER 6

DRAINED PREDICTIONS USING MCC MODEL

6.1 Introduction

In this chapter, the Modified Cam Clay model is used to numerically predict the stress-
strain and volume change response under triaxial stress states of normally consolidated,
low OCR clays and over consolidated reconstituted Savar clays, with and without
cementation, and under drained condition. Most of the significant parameters of the
Modified Cam Clay model parameters for reconstituted Savar clays, with and without
cementation,  were obtained experimentally, which have been wused to obtain the
numerical predictions. The numerical predictions obtained for stress-strain  and volume
change responses of reconstituted Savar clays for various OCR's and with and without
cementation were compared and analyzed. Finally, observations were made regarding the
weaknesses, limitations and the capabilities of the MCC model to predict the drained

responsc of reconstitutcd Savar clays.
6.2 Approaches in Drained Analysis

The excess pore water pressure is zero under drained conditions and the sample changes
in volume. Drained conditions are generally assumed to exist in clay layers when the rate
of loading is very slow. In undrained condition, there is no volume change. Consequently

excess pore pressure devclops within the soil sample. This kind of situations occurs in
conditions of rapid application of the load. Fully saturated conditions have been assumed

both for drained as well as undrained analysis.

The MCC model is a mathematical model giving the response of clays to applied loads.

In the undrained analysis, the bulk modulus of water is generally given a very high value



104

compared to the bulk modulus of soil particles. As a result an incompressibility condition
is simulated. On the other hand, in drained conditions, the bulk modulus of water is set
equal to zero. Volume change of the soil skeleton is then predicted. No excess pore water
pressures are predicted under these circumstances. For clays, the value of the drained

elastic Poisson's ratio is generally assumed to be between 0.1 to 0.3.

6.3 Drained MCC Parameters

It is observed that the MCC model parameters are identical for both undrained and
drained analysis, except for the value of the elastic Poisson's ratio. In the absence of
experimental data, the drained Poisson's ratio for reconstituted Savar clays with and

without cementation has been assumed to be 0.3.

6.4 Drained MCC Predictions

6.4.1 Stress-Strain

Figures 6.1 through 6.6 respectively give the predictions of stress-strain response of
reconstituted Savar clays, with and without cementation, at different OCR's under triaxial
condition. In each case, the MCC model is observed to predict non-linear strain
hardening behavior. However, the initial elastic non-linear effect is observed to be
negligible. For normally consolidated, low OCR and moderately overconsolidated clays
(OCR's I, 2 and 5), the predicted elastic shear stiffness under drained conditions
increases with increasing OCR. For high OCR clays (OCR values of 10, 20 and 30), the
reverse is observed. That is, in these eases, the predicted elastic shear stiffness decreases
with increasing OCR. This happens as the MCC model assumes the elastic stiffness of
the clay to be directly proportional to the applied mean effective stress. At the ultimate
state, continuous axial strains are predicted to occur at constant deviator stress. However,
for moderately high OCR clays (OCR's 5, 10, 20 and 30), a peak stre.ss state is first

reached. Strain softening or decreasing deviator stress with increasing axial strains is
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predicted beyond the peak. These predictions are observed for reconstituted Savar clays
both with and without cementation. However, for increasing cementation, sharper peaks
at higher deviator stresses are observed. In this case, the strain softening response is

observed to be relatively rapid.
6.4.2 Stress Path and Volume Response

Figures 6.7 through 6.12 show the predicted drained stress paths for reconstituted Savar
clays, with and without cementation, at different OCR values. Under drained condition
and during triaxial shear, the drained total and effective stress paths are identical. The
stress path is the total stress path applied under triaxial condition. It is independent of the
constitutive model used. The ratio of the increment of deviator stress to the increment of
mean effective pressure is 3 under triaxial test conditions. The following condition holds

during triaxial shear under drained conditions:

b.g= b.g=3
ip g

Here b.q, b.p, b.p' are respectively the increment of deviator stress, increment of mean
effective pressure and increment of total effective pressure in the soil sample. The stress
paths predicted by MCC model under drained condition are always inclined straight lines
in p' - gqspace with slope equals to 3 to I. The stress path starts at the mean isotropic

pressure axis at a value of mean effective pressure equal to the cell pressure.

The volume response predictions for reconstituted Savar clays without cementation, and
with 7% and 14% cementation, arc shown in Figures 6.13 through 6.17 respectively. For
normally consolidated and low OCR clays (OCRs | and 2 only) positive volume response
is predicted. An initially positive volume response is predicted at moderate

overconsolidation ratio of 5. However, subsequent to further shearing, negative volume

responses are predicted. In case of highly overconsolidated clays (OCR values of 10, 20
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and 30), the MCC model predicts a small positive volume response at the initial stage.
This is the elastic part of the volume change. On further shearing, high OCR cases predict
negative volume change. The higher percentage of cement content in clays, the higher is

the negative volume change response predicted.

6.5 Comparison of Cemented and Uncemented behavior

In the following subsections, the prediction of the stress-strain, stress path and volume
change response of the reconstituted Savar clays, for normal, light and moderately
overconsolidated clays, and those for highly over consolidated clays, are compared and

analyzed, for varying degrees of cementation.

6.5.1  Stress-Strain

Figures 6.19, 6.20 and 6.21 compare the predicted stress-strain response under drained
conditions, of normally consolidated and low overconsolidated reconstituted Savar clays,
using the MCC model under varying degrees of cementation. In these figures, the stress-
strain behaviour of reconstituted Savar clays with varying degrees of cementation for
over-consolidation ratios of I, 2 and 5 are shown. It may be clearly observed from the
figures that the MCC model predicts increased initial shear stiffness as well as increased
ultimate shear resistance of the soil at each OCR with varying degrees of
cementation.The reconstituted Savar clays, having OCR wvalues of 10, 20 and 30
respectively are considered here as highly overconsolidated clay. Comparison of the
predicted stress-strain rcsponse of highly overconsolidated reconstituted Savar clays,
under drained conditions and for different degrees of cementation (0%, 7% and 14%)
using the Modified Cam Clay model are shown in Figures 6.22, 6.23 and 6.24. It is
observed from these figures that in these cases, the MCC model predicts increased initial
shear stiffness as well as increased ultimate shear resistance of the soil, with increasing

degrees of cementation. It is also observed from the figures that in this case, after
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reaching a peak value of deviator stress, strain softening occurs. Thus, in these cases, the
deviator stress decreases with increasing axial strain. Decreasing deviator stresses are
associated with expansive volume changes. Beyond a certain axial strain, a constant state
of shear stress is reached. This is the ultimate or critical state. There is no longer any

volume change at this state.

6.5.2 Stress Path

Figures 6.25 through 6.30 show the drained stress paths of the uncemented reconstituted
Savar clay and those with 7% and 14% cementation. The drained stress paths for all OCR
and for all degrees of cementation are qualitatively identical. In all cases, the stress paths
are inclined straight lines starting from initial applied mean pressure axis and having an

incremental slope equal to 3.

6.5.3 Volume change response

Figures 6.31, 6.32 and 6.33 show the volume change response for reconstituted Savar
clays at various degrees of cementation for OCR values of 1, 2 and 5 respectively.
Positive volume changes are predicted for all degrees of cementation and for OCR values
of 1 and 2. However, the predicted volume changes are lower, the higher the degree of
cementation. For OCR value of 5, the initial volume changes are positive or compressive.
However, with further shearing strains, negative or expansive volume changes are
predicted in all cases. In each case, the higher the degree of cementation, the higher are
the predicted suction pressures.

Figures 6.34, 6.35 and 6.36 compare the predicted volume change responses for
reconstituted Savar clays at various degrees of cementation (0%, 7%, and 14%) and for
OCR values of 10, 20 and 30 respectively. In all cases, initially a small positive or
compressive volume change response is predicted. This is the elastic volume change. On

further shearing, negative or expansive volume change responses are predicted. From the
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figures, the predicted expan3ive volume change are observed to be higher, the lower the

degree of cementation.

6.6 Comparison of Drained and Undrained Predictions

Initial shear stiffness and shear resistance is observed to be some what higher in drained
conditions for normal, low and overconsolidated clays, and in all cases of cementation.
But this difference is not signifieant. Under drained condition, the effective stress path
predicted is determined by the condition of the stress states in the test (in this case a
triaxial state of stress). The stress paths in p' - gspace are inclined straight lines with an
incremental slope of 3. The stress path is indepcndent of constitutivc properties of the
soil. On the other hand, the effective stress path is dependent on the model used for
undrained predictions. The predicted initial effective stress paths under undrained

condition in p' - gspace are observed to be gently curved for reconstituted Savar clays

with and without cementation.

During undrained shearing of normally consolidated and low OCR Savar clays, positive
pore pressure develops. Consequently, the mean effective pressure is predicted to
decrease. As a result, the predicted deviator stress at failure is generally lower than that
during drained shear, for normally consolidated and low OCR clays. During drained
shearing of normally consolidated and low OCR clays, no pore pressure develops. Rather
compressive volume change response of the soil is observed. During undrained shear of
overconsolidated clays, negative pore pressure develops. Consequently, the mean
effective pressure is prcdicted to increasc. As a result, during undrained shearing, the
predicted deviator stress at failure is either somewhat higher or very close to that during
drained shear, for high OCR clays. During drained shearing of overconsolidated clays,
expansive volume change responsc is predicted and softening rcsponse of the clay is
observed. Due to the stabilizing effcct of suction or ncgative pore pressure, no such

softening response is predicted in undrained test.
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6.7 Limitations of the Modified Cam Clay Model

The MCC model has generally been observed to give good qualitative predictions of the
stress-strain and volume change response of clays. However, it does suffer from
limitations. For overconsolidated clays, the initial stress-strain response predicted by the
MCC model is non-linear elastic. However, for many types of clays, even the initial
stress-strain response has been observed to be elasto-plastic. For high OCR clays, the
stress-strain, pore pressure and volume change response prediction is observed to be
qualitatively correct. However, no experimental tests were carried out for reconstituted
Savar clays as part of this study. In the absence of tests, it is not possible to make specific
guantitative observations regarding the limitations of the MCC model to predict the

stress-strain response of such clays.

6.8 Summary and Conclusion

Under triaxial states of stress and drained conditions, the stress-strain, stress path and
volume change response of reconstituted Savar clays, with and without cementation,
were predicted using the Modified Cam Clay model. The numerical predictions were
made for triaxial stress states under drained conditions, for various values of
overconsolidation ratios, simulating drained laboratory triaxial tests. The predictions
show the stress-strain and volume change responses of reconstituted Savar clays for
various OCR's and for various degrees of cementation, appear to be realistic and typical
to the behaviour observed lor clays. Ccmcntation incrcascs thc draincd shcar strength and
drained shear stiffness of clays. MCC model also predicts higher drained shear strength

and stiffncss for high overconsolidation ratios.
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Figure 6.15 MCC predictions of volume strain response of normal, low, and moderately
overconsolidated 7% cemented Sayar clay
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Figure 6.16 MCC predictions of volume strain response of highly overconsolidated
7% cemented Sayar clay
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Figure 6.17 MCC drained prediction of volume strain response of normal, low, and
moderately overconsolidated 14% cemented Sayar clay
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Figure 6.22 MCC prediction of drained stress-strain response of highly overconsolidated
(OCR=10) remolded Savar clay for varying degrees of cementation



121

200,-—————=——————————F=====;; ©; ;===U
0%
7%
—l ! = 2
150 &)
- A\
il \
— \
100
e-n b ]
!
8 e
m_s0 y T .-
. I A
Cl , /
O, riiii=———e ———~—— ——— == _.]
0 5 10 15 20 25

Axial Strain (0]

Figure 6.23 MCC predictions of drained stress-strain response highly overconsolidated
(OCR=20) remolded Sayar clay for varying degrees of cementation
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Figure 6.24 MCC prediction of drained stress-strain response highly overconsolidated
(OCR= 30) remolded Sayar clay for varying degrees of cementation
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Figure 6.26 MCC predictions of drained stress path of low overconsolidated (OCR=2)
remolded Savar clay for varying degrees of cementation
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Figure 6.27 MCC prediction of drained stress path of moderately overconsolidated
(OCR=5) remolded Savar clay for varying degrees of cementation
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Figure 6.29 MCC prediction of drained stress path of highly overconsolidated (OCR=20)
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0%
—=-T%

—-—-_J.Afc
! e
5 T
E ~i L
El 3 4__-'
O -.../ — v =TT =
s . /_ -

o

0
0 5 10 15 20 25

Axial Strain (%]

Figure 6.32 MCC predictions of volume change response of low overconsolidated
(OCR=2) remolded Savar clay for varying degrees of cementation
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(OCR=5) remolded Sayar clay for varying degrees of cementation
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Figure 6.34 MCC predictions of volume change response of highly overconsolidated
(OCR=10) remolded Sayar clay for varying degrees of cementation
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CHAPTERY

MODIFIED MODIFIED CAM CLAY MODEL (MMCC MODEL)

7.1 Introduction:

In the previous chapters, the stress-strain behaviour of remolded Savar clays, with and
without cementation, was modeled using the MCC Model. However, the tensile strength
that develops in clays as a result of cementation was not incorporated in these models.
These chapter discuses a variation of the MCC model which incorporate tensile strength
as a model parameter. The predicted drained and undrained stress-strain response of

remolded Savar clays, with and without cementation, is discussed in this chapter.

7.2 Modified Modified Cam Clay (MMCC) Model

A variant of the MCC model which incorporates tensile strength as a model parameter is
discussed here as the Modified Modified Cam Clay (MMCC) model. The various aspects

of the MMCC model are discussed in detail in the following subsections as given below.

7.2.1 The MMCC Yield Locus and Plastic Flow Rule

Cement treatment of clays gives it the ability to resist tensile forces. This is termed as
tensile or cementation strength. The tensile strength is explicitly incorporated in the

MMCC vyield loeus as follows

2

q Pd +p’ 7.1)

(M(p' +p)} =p +p;
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Where
1 ] + 1 ] + 1 ]
p=3 T8, T (7.2)
3
q= (7.3)
M= q (7.4)
p'+ p;

In the above equations, o™ o2, 03 are the principal effective stress components, p, is the

tensile strength and p is the preconsolidation  pressure of the soil.

The MMCC model is assumed to obey the associated flow rule. Thus the MMCC model
plastic potential function is identical to the MMCC vyield locus equation given by
equation (7.3). The plastic flow rule of the MMCC model is identical to that of the plastic

flow rule of the MCC model and is given as below:

de; i, M2 _1p (75)

de; 21/

However, the 1/term in the above equation is defined in the MMCC model as follows:

P (7.6)
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7.2.2 Tensile Strength and Unconfined Compression Strength

When tensile strength is explicitly incorporated in the MCC model, it is termed as the
MMCC model. The tensile strength of clay may be obtained from its unconfined

compression strength by a procedure which is described as below.

The undrained shear strength of the soil at zero cell pressure or zero mean effective
pressure may be termed as the unconfined compression strength of the soil. Thus

substituting p' =0 and ¢ =qoin equation (7.1), the MMCC vyield equation may be

rewritten as below:

Po P,
O+p; (7.7)

From equation (7.7) the relationship between tensile strength and unconfined

compression strength may be obtained as below:

(7.8)

pr= (7.9)

Equation (7.7) relates the tensile strength p, of cemented clay with its unconfined
compression strengthg”, M and p~ are the critical stress ratio and preconsolidation

pressure of the cemented soil.
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7.3 Prediction of Drained Response Using MCC and MMCC

7.3.1 Model Parameters

The MCC model parameters lor 7% and 14% cementation of remolded Savar clays are
given in Table 5.1. Additionally, Table 7.1 includes the tensile strength parameter
computed using equation (7.8) from the value of unconfined compression strength q",
preconsolidation prcssure P: and critical state ratio M. These model parameters were

used in the MMCC model to compute the stress-strain, volume strain and pore pressure

change characteristics of the remolded Savar clay, with and without cementation.

Table 7.1 The MMCC model parameters

Modified Modified Cam Clay | 7%Cemented Clay | 14% Cemented Clay
Parameters

4 2 A

K 0.03 0.01

M 1.25 1.3

o 375 400

pr 213 509

7.3.2 Stress-Strain

Figures 7.1 through 7.12 show the stress-strain response of Savar clays, with and without
cementation, using the MMCC model for different OCR values. For normally
consolidated clays and clays with low overconsolidation ratio, it is observed that initial
shear stiffness of Savar clays using the MMCC model are predicted to be significantly

higher than that predicted using the MCC model. This is reasonable, as cemented clays
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are generally expected to have more initial shear stiffness than uncemented clays. The

deviator stress is observed to increase with increasing axial strain.

Similar behavior is observed in case of high OCR clays also. It is observed that for clays
with high overconsolidation ratio (OCR values of 10, 20 and 30), the predicted initial
shear stiffness of clays using the MMCC model, is higher than that using the MCC
model. The predicted deviator stress ultimately attains a constant with continuous
shearing. This implies that the critical state is reached. It is also observed that the increase

of initial shear stiffness is higher for clays with higher value of OCR's.

7.3.3 Stress Path

Figures 7.13 through 7.24 show the predicted drained stress paths of cemented Savar
clays, using the MMCC model at different OCR values. During triaxial shear under
drained conditions, the drained total and effective stress paths are identical, and the stress

path is independent of the soil model used, as described in the previous chapters.

7.3.4 Volume Change Response

Figures 7.25 through 7.36 show the predicted drained volume change response of
cemented remolded Savar clays, using both the MCC and MMCC model, for different
OCR values. It is observed that for normally consolidated Savar clays, positive volume
change response is predicted using either the MCC or MMCC model. However, higher
volume change response is predicted for remolded Savar clays, when using the MCC
model than the MMCC model, for the 7% cemented sample. However, in general, for low
OCR (OCR equals 2) Savar clays with 7% and 14% cementation and at OCRs equals to |
and 2. Higher positive volume change responses are predicted by the MMCC model
relative to the MCC model. This is expected, because the computed overconsolidation

ratio using the MMCC model will, in general, be lower than that computed using the
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MCC model. As the computed OCR by the MMCC model is lower for a given

preconsolidation pressure, the relative positive volume change response using that model

is predicted to be higher.

At OCR value of 5 and for different percentages of cementation (7% and 14%), positive
volume change response is predicted using the MMCC model. Negative volume change

response is predicted in this case when using the MCC maodel.

The predicted positive volume change response decrease and reach either zero or
negative for remolded Savar clays when using the MMCC model for higher OCR values
(OCR values of 10,20 and 30). Howcver, the predicted negative volume change response

increases with higher OCR values when using the MCC model.

7.4 Prediction of Undrained Response Using MMCC and MCC

7.4.1 Model Parameters

The MMCC model parameters for undrained prediction are obtained in a similar way as
discussed in drained analysis. The MMCC model parameters uscd for IUIdraincd analysis
are identical to those given in Table A7.1. The undrained analysis using the MMCC

model was used to predict the stress-strain, stress path and pore pressure response of

remolded Savar clays, with and without cementation.

7.4.2 Stress-Strain

Figures 7.37 through 7.48 show the stress -strain rcsponse for IUlccmented and cemented
Savar clays with different degrees of cementation (7% and 14%) using MMCC and MCC

model. The predictions were made for different OCR values. It was observed that similar
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to drained predictions, the predicted initial shear stiffuess is higher for remolded Savar
clays using MMCC model compared to the predictions of the MCC model. The predicted
value of deviator stress is observed to decrease with increasing OCR, both in case of the
MMCC and the MCC model. The predicted deviatoric stress becomes constant with
continuous shearing. This indicates that the critical state condition has been reached. This

is predicted both by the MCC and MMCC model.

7.4.3 Stress Path

Figures 7.49 through 7.60 show the predicted undrained stress paths for remolded Savar
clays using the MMCC and MCC model for different values of OCR. Decreasing
effective stresses and positive pore pressures are predicted for normally consolidated
Savar clays. In case of 7% cementation with low overconsolidation ratio (OCR equals 2),
similar stress paths are predicted both for the MMCC and MCC model. These stress paths
are observed to be vertical in p' - gspace initially. Subsequently, constant deviator
stresses with increasing mean pressure are predicted. Similar observations are predicted
for clays of low overconsolidation ratios having 14% cementations. For moderately and
highly overconsolidated clays, increasing mean effective stresses along with increasing
deviator stresses are predicted. The stress paths predicted by both the MMCC and MCC
model are straight vertical lines initially in p' - g space. Thus both the MMCC and MCC

model simulates elastic behavior prior to yielding, in case of high OCR clays.

7.4.4 Pore Pressure Response

Figures 7.61 through 7.72 show the excess pore pressure response for remolded Savar

clays with and without cementation using the MCC and MMCC model for various OCR

valucs.
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For an OCR value of 1, exccss positive porc pressures are predicted for all degrees of
cementation. The predicted excess pore pressure is higher for the MMCC model relative
to the MCC model. For an OCR value of 2 and 7% cementation, the predicted excess
pore pressures are either zero or close to zero for the MCC model. However, negative
excess pore pressure is predicted in this case when using the MMCC model. However,
for OCR value of 2 and 14% cementation, positive excess pore pressure responses are

predicted by the MMCC model.

For OCR values of 5, 10, 20 and 30, excess negative pore pressures are predicted for 7%
cemented remolded Savar clay both by the MMCC and MCC model. However, the
predicted excess pore pressures for 14% cementation are zero for MMCC model and
negative for the MCC model. Negative excess pore pressures are prcdicted for higher
OCR values (OCR values of 10, 20 and 30) both for MMCC and MCC model. However,

higher negative excess pore pressures are predicted using the MCC model than using the

MMCC model.

7.5 Summary and Conclusion

In this chapter, numcrical predictions were made using the Modified Modified Cam Clay
model for remolded Savar clays, with and without cementation. The drained predictions
for stress-strain and volume change response of the MMCC model were compared with
the corresponding precdictions of the MCC model. Differences were observed in the
predictions of initial shear stiffness, stress-strain, volume change and excess pore
pressurc response for remolded Savar clays, with and without cemcntation, and for
various degrees of overconsolidation ratios. The results of the study in this chapter clearly
show that a simplc variation of the MCC modcl which incorporatcs tensilc strength
arising from cementation of clays significantly change thc numcrical predictions for

stress-strain, volume change and excess pore pressure response for artificially cemented

remolded Savar clays.



1000

BOO

600

400

200

136

5 10 15 25

Axial Strain (%)

Figure 7.1 MCC and MMCC prediction of drained stress-strain response of 7% cemented
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Figure 7.2 MCC and MMCC prediction of drained stress-strain response of 7% cemented
Sayar clay (OCR=2)
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Figure 7.3 MCC and MMCC prediction of drained stress-strain response of7% cemented
Sayar clay (OCR=5)
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Figure 7.4 MCC and MMCC prediction of drained stress-strain response of 7% cemented
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Figure 7.5 MCC and MMCC prediction of drained stress-strain response of 7% cemented
Sayar clay (OCR=20)
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Figure 7.6 MCC and MMCC prediction of drained stress-strain response of 7% cemented
Sayar clay (OCR=30)
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Figure 7.8 MCC and MMCC prediction of drained stress-strain

response of 14%
cemented Sayar clay (OCR=2)
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Figure 7.9 MCC and MMCC prediction of drained stress-strain response of 14%
cemented Sayar clay (OCR=5)
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Figure 7.10 MCC and MMCC prediction of drained stress-strain response of 14%
cemented Sayar clay (OCR=10)
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Figure 7.11 MCC and MMCC prediction of drained stress-strain response of 14%
cemented Sayar clay (OCR=20)
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Figure 7.12 MCC and MMCC prediction of drained stress-strain response of 14%
cemented Sayar clay (OCR=30)
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Figure 7.13 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
Sayar clay (OCR=I)
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Figure 7.14 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
Sayar clay (OCR=2)
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Figure 7.15 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
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600
||/
/
m
© 400 /
-c:
i
Q)
ol
rJ)
£ 200
Q
o MX
Q) —_
o
0
0 50 100 150 200 250 300

Mean Effective Stress (kPa)

Figure 7.16 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
Sayar clay (OCR=10)
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Figure 7017 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
Sayar clay (OCR=20)
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Figure 7018 MCC and MMCC prediction of drained triaxial stress path for 7% cemented
Sayar clay (OCR=30)
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Figure 7.19 MCC and MMCC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=I)
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Figure 7.20 MCC and MMCC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=2)
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Figure 7.21 MCC and MMCC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=5)
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Figure 7.22 MCC and MMCC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=10)
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Figure 7.23 MCC and MM.CC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=20)
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Figure 7.24 MCC and MMCC prediction of drained triaxial stress path for 14% cemented
Savar clay (OCR=30)
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Figure 7.25 MCC and MMCC prediction of volume change response for 7% cemented
Savar clay (OCR=l)
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Figure 7.26 MCC and MMCC prediction of volume change response for 7% cemented
Savar clay (OCR=2)
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Figure 7.27 MCC and MMCC prediction of volume change response for 7% cemented
Savar clay (OCR=5)

TN P P P PN s s o w— — — — — — — — — — —

Figure 7.28 MCC and MMCC prediction of volume change response for 7% cemented
Savar clay (OCR=10)



150

4
0 ~~~~~. _____________ - —
5. 10 15 20 25

ke ‘
i
en -
E -
|0 s
>

012 ......

.16

Axial Strain (%)

Figure 7.29 MCC and MMCC prediction of volume change response for 7% cemented
Sayar clay (OCR=20)
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Figure 7.30 MCC and MMCC prediction of volume change response for 7% cemented
Sayar clay (OCR=30)
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Figure 7.31 MCC and MMCC prediction ofyolume change response for 14% cemented

Sayar clay (OCR=I)
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Figure 7.32 MCC and MMCC prediction ofyolume change response for 14% cemented

Sayar clay (OCR=2)
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Figure 7.33 MCC and MMCC prediction of volume change response for 14% cemented

Sayar clay (OCR=5)
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Figure 7.37 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=l)
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Figure 7.38 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=2)
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Figure 7.39 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=5)
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Figure 7.40 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=IO)
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Figure 7.41 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=20)
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Figure 7.42 MCC and MMCC prediction of undrained stress-strain response for 7%
cemented Sayar clay (OCR=30)
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Figure 7.43 MCC and MMCC prediction of undrained stress-strain response for 14%
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Figure 7.44 MCC and MMCC prediction of undrained stress-strain response for 14%
cemented Sayar clay (OCR=2)
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Figure 7.45 MCC and MMCC prediction of undrained stress-strain response for 14%
cemented Sayar clay (OCR=5)
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Figure 7.46 MCC and MMCC prediction of undrained stress-strain response for 14%
cemented Sayar clay (OCR=l 0)
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Figure 7.47 MCC and MMCC prediction of undrained stress-strain response for 14%
cemented Sayar clay (OCR=20)
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Figure 7.48 MCC and MMCC prediction of undrained stress-strain response for 14%
cemented Sayar clay (OCR=30)
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Figure 7.49 MCC and MMCC prediction of undrained triaxial stress path for 7%
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Figure 751 MCC and MMCC prediction of undrained triaxial stress path for 7%
cemented Savar clay (OCR=5)

600, ———————— ,
i
-- 400
e-
Vi
Vi
m
% 200 L
: _
0 +- - - g ———— 1
0 50 100 150 200

Mean Effective Stress (kPa)

Figure 752 MCC and IVIMCC prediction of undrained triaxial stress path for 7%
cemented Savar clay (OCR=10)
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Figure 7.53 MCC and MMCC prediction of undrained triaxial
cemented Savar clay (OCR=20)
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Figure 7.55 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=I)
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Figure 7.56 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=2)
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Figure 7.57 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=5)
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Figure 7.58 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=10)
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Figure 7.59 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=20)
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Figure 7.60 MCC and MMCC prediction of undrained triaxial stress path for 14%
cemented Savar clay (OCR=30)
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Figure 7.61 MCC and MMCC prediction of excess pore pressure response for 7%
cemented Sayar clay (OCR=l)
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Figure 7.62 MCC and MMCC prediction of excess pore pressure response for 7%
cemented Sayar clay (OCR=2)
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Figure 7.66 MCC and MMCC prediction of excess porc pressure response for 7%
cemented Sayar clay (OCR=30)
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Figure 7.67 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=l)
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Figure 7.68 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=2)
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Figure 7.69 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=5)
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Figure 7.70 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=I0)
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Figure 7.71 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=20)
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Figure 7.72 MCC and MMCC prediction of excess pore pressure response for 14%
cemented Sayar clay (OCR=30)
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CHAPTER -8

EMMCC MODEL INCORPORATING CEMENTATION
BREAKDOWN

8.1 Introduction

The Modified Modified Cam Clay (MMCC) model incorporated the tensile strength of
artificially cemented remolded Savar clays as a model parameter. However, it is quite
natural to expect that with increasing shearing strain and volume change of soil, cohesion
or cementation force i.e. the tensile strength of the clay will gradually breakdown. This is
expected to result in a decrease of the predicted shear strength of the clay with increase of
stress and strain. Currently, certain critical state soil models employ equations to simulate
cementation or tensile strength breakdown to simulate the effect of such breakdown on
the shear behavior of cemented soils. Such a cementation breakdown assumption may be
incorporated in the MCC or the MMCC model discussed in previous chapters. The model
may thcn be used to predict the stress-strain, volume change and excess pore pressure
response for remolded Savar clays, with and without cementation, and for various
degrees of overconsolidation and for various values of the cementation breakdown
parameter. The following chapter discusses in detail the various aspects of an extended

MMCC model incorporating the cementation breakdown assumption.

8.2 Extended MMCC (EMMCC) Model

As a result of cementation of clays, both the consolidation and tensile strength of the clay
increases. Both these componcnts of ccmentation components may be distinctly

incorporated in the MCC modcl, along with separate breakdown effects for each of these
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components. In Chapter 7, only tensile strength component of cementation was
incorporated in the MCC model. This was termed as the MMCC model. The resulting
model is termed here as the MCC model with cementation breakdown assumption.
Various aspects of both the MCC and MMCC model has been discussed in the previous
chapters. In the following subsections, the incorporation of the consolidation and tensile
strength component as a result.of cementation in the MCC model is discussed. The
process of incorporating cementation breakdown effects in the MCC model is also

discussed in the following subsections.

8.2.1 Tensile Strength Breakdown

It is assumed in the EMMCC model that the tensile strength degrades with the
accumulation of the absolute value of plastic volumetric strain. The equation used to

simulate the breakdown of tensile strength with plastic volumetric strain is as given

below:

(8.1)

Where

(8.2)

In the above equation, P, is the degradation parameter for tensile strength, P;0 is the
tensile strength of reconstituted cemented Savar clay. Generally a large positive number
greater than 1.0 is used to effectively simulate a realistic cementation breakdown effect.

Zero value is assumed for P, in the case of no break down assumption.
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8.2.2 Consolidation Strength Breakdown

It is assumed in the EMMCC model that the increment of consolidation strength as a
result of cementation degrades with the accumulation of the absolute value of plastic
volumetric strain. The equation that is used to simulate the breakdown of increment of

consolidation strength (as a result of cementation) with volumetric strain is as given

below:

(8.3)

Where sa = ~dS/I (8.4)

In the above equation, Pm is the degradation parameter for the increment of
consolidation strength Pmo of reconstituted cemented Savar clay. As discussed before,
generally a large positive number greater than 1.0 is used for Pm to realistically simulate

the breakdown effects. Zero value is assumed for Pm for no break down assumption. It is

to be lloted that ill the Illerical predictiolls presellted ill this chapter usillg the
EMMCC model, it was assumed that there is 110breakdowll of the illcremellt of
cOllsolidatiollstrellgth compollellt occurrillg as a result of cementatioll. The above

cemelltatioll breakdown equatiolls givell ill this section are presented here olllyfor the

purpose of completelless.

8.2.3 Yield Locus and Flow Rule

The yield locus of the EMMCC model is given as follows:

g} TR 4R '+Pm (8.5)
{M(P' +p;) p' +P;
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Whcrc

p= d ﬂ_g. +0-; (8.6)

" (erer.’)’ +dn-er. ") +dn-er. ")’ ®.7)
- 2

M- i | (8.8)

p'+ p;

In the above equations, er;,er;,er; are the principal effective stress components, p, is

the tensile strength due to cementation or cohesion, P:, is the increment of consolidation

strength due to cementation and [, is the pre-consolidation pressure of the remolded

Savar clay without any cementation effects.

The EMMCC model is assumed to obey the associated flow rule. Thus the EMMCC
model plastic potential function is identical to the EMMCC yield locus equation. The

plastic flow rule for the EMMCC model in its incremental foml is identical to that of the

plastic flow rule of MCC model as given below:

de; M' -ar ©.9)

Howcver, the 1] tcrm in the above equation is defined in the EMMCC model as follows:

= (8. 10)
p+p,

The remaining aspects of the EMMCC model are identical to the MCC and MMCC

modcl described previously in chapters 6 and 7 respectively.
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8.3 Prediction of Drained Response

8.3.1 Drained Model Parameters

The MMCC model parameters for different percentages of cement (7% and 14%) for

artificially cemented remolded Savar clays have been previously given in Table A7.1.

Additionally, Table 8.1 includes the tensile strength parameter Pro and the parameter
P;" which gives increment of consolidation strength of soil as a resuh of cementation
The tensile strength Prof the cemented clay is computed from the value of unconfined
compression strength, pre-consolidation pressure (p: + P:0) and the critical state ratio

M as given in equation 5.10. The increment of consolidation strength parameter p—~ as a

result of cementation may be computed as the difference between the pre-consolidation
pressure of the cemented SaYar clay and that of the remolded Savar clay without

cementation. Numerical predictions using EMMCC model were obtained for values of
the cementation breakdown parameter Py by assuming the values of Pr to be 1, 10 and
100 respectively. A value 1, 10 and 100 of the tensile strength parameter Pr may be

assumed to correspond to mild, moderate and severe rates of breakdown of the tensile

strength component Pro of the cemented Savar clay.
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Tatte 8.1 The EMIVICCToder parammeters

Modified Modified Cam Clay | 7%Cemented Clay | 14% Cemented Clay
Parameters

A 0.197 0.1

K 0.03 0.01

M 1.25 13

PO 375 400

P'o 215 509

PMo 242 267

8.3.2 Stnss-Strain

Values of 1, 10, and 100 were used for the EMMCC model parameter p, to get the

prediction of stress -strain response for cemented Savar clays (7% and 14%) for different
OCR values. Figures 8.1 through 8.6 give the model predictions for 7% cemented Savar
clay. Figures 8.7 through 8.12 give similar model predictions for 14% cemented Savar
clay. Similar trends were observed for 7% and 14% cemented Savar clays. These are
discussed in the following paragraphs. Deviator stress was observed to increase with

increasing OCR value both for 7% and 14% cemented Savar clays in all cases.

For normally consolidated and clays with low overconsolidation ratios, and for 7% and
14% cemented SaYarclays, it was observed that initial shear stiffuess in unaffected by the
value of cementation breakdown parameter p,. A higher value of the cementation break

down parameter p, predicts a relatively lower increase of deviator stress with axial strain

both for 7% and 14% cemented SaYar clays.
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For a high OCR value of 10 and 7% cemented Savar clay, P, appears to have no affect
on the mobilized deviator stress. For very high OCR values of 20 and 30 respectively, a

P, value equal to 100 results in a sharp decrease of the deviator stress as observed in the

case of numerical predictions for 7% cemented Savar clay.

8.3.3 Stress Path

Figures 8.13 through 8.24 show the predicted drained stress paths of cemented Savar
clays, for different values of the cementation breakdown parameter P, (values of I, 10
and 100) and at different OCR values (OCR values of I, 2, 5, 10, 20 and 30). During
triaxial shear under drained condition, the drained total and effective stress paths are
identical, and the stress path is independent of the soil model used as described previous

chapter.

8.3.4 Volume Change Response

The drained volume change response of cemented Savar clays as predicted by the
EMMCC model are shown in Figures 8.25 through 8.36 for 7% and 14% cementation,

and for different values of OCR. A value of I, 10 and 100 of P, was assumed and the
corresponding predictions were compared. In case of 7% cementation, it was observed
that for OCR values of I, 2, 5 and 10 and all values of P, , a positive volume change
response is predicted. However, a higher value of break down parameter P, lowers the

predicted positive volume change response. The positive volume change responses are

also observed to decrease with increasing OCR values.

It is also observed that for clays with overconsolidation ratio values equal to 20 and 30
respectively, and for 7% cementation, volume change response is either zero or negative

for values of | and 10 of the cementation breakdown parameter P" Negative volume
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change response was also predicted for a value of p, equals 100. For 14% cementation,
positive volume change response is predicted for different values of cementation
breakdown parameter p, in all cases. The positive volume change response was observed
to decrease with increasing OCR value. It was also observed that an increase in the value

of the cementation breakdown parameter p, results in a decrease in the predicted positive

volume change response.

8.4 Prediction of Undrained Response

8.4.1 Model Parameters

For undrained predictions, model parameters used for the EMMCC model are identical to
that used for drained predictions. However, minor adjustments were made to the value of
A which is the slope of the nonnal consolidation line, and to the value of k, which is
the slope of the elastic rebound line. This was done, as some numerical instability was
observed when obtaining undrained predictions using the exaet values of the parameters
A and . EMMCC model was used with these parameter values to obtain the stress-

strain, stress path and pore pressure response of cemented Savar clays.

8.4.2 Stress-Strain

The EMMCC model with different values for the tensile strcngth breakdown parameter
p, (values of I, 10, and 100) was used to predict the stress-strain response for cemented
Savar clays (7% and 14% cementation) for different OCR values. Figures 8.37 through

8.42 show the model predictions for 7% cemented Savar clay. Figures 8.43 through 8.48

shows the model predictions for 14% cemented Savar clay. These cases are discussed in

the following paragraphs.

For normally consolidated clays and for clays with low overconsolidation ratios, and for

7% and 14% cementation, it was observed that the initial shear stiffness is unaffected by
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the value of the parameter p,. A higher value of the cementation break down parameter
p, predicted a relatively lower increase of deviator stress with axial strain, both for 7%

and 14% cemented Savar clays.

However, constant deviator stress with continuous shearing arc predicted for all cases

after a certain value of axial strain is reached. A higher value of the cementation break
down parameter p, predicts a relatively lower increase of deviator stress with axial
strain. For lower values of the break down parameters p, (values are | and 10), no or

insignificant effect was observed in the predicted deviator stress for 7% cementation and
for all OCR values. However, the differences in the predicted deviator stresses were
observable for very high values of the parameter p, (100). Simiiar observations were
made in case prediction for 14% cementation and for all OCR values. It is also observed
that deviator stress increases with increasing OCR values both for 7 % and 14%

cemented Savar clays.

8.4.3 Stress Path

Figures 8.49 through 8.60 show the predicted undrained stress paths for cemented Savar
clay for different values of the cementation break down parameter p,and for different
values of OCR. The effect of OCR on stress path as predicted by the EMMCC model was
observed to be similar to that of the MMCC model as given in the relevant section in
chapter 7. For low values of the cementation break down parameter p, (values of land
10), no observable deviation of the predicted effective stress path could be detected. This
was observed to be the case for effective stress paths for 7% cemented Savar clays i.e. for
clays with low degree of cementation, at all values of OCR. For significantly higher

values of the cementation breakdown parameter p* the predicted effective stress path
was observably lower than those predicted for low or zero value of p,. For 14% cemented

Savar clay and for OCR values of I, 2, 20 and 30 respectively, trends in the effective
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stress path were similar 10 those for 7% cemented Savar clay for low, medium and high
values of the cementation breakdown parameter p, . For OCR values of 5 and 10 and for
14% cemented Savar clay, no change in the effective stress path was predicted by the

EMMCC model irrespective of the value of the cementation breakdown parameter p, .

8.4.4 Pore Pressure Response

Figures 8.61 through 8.72 show the predicted excess pore pressure response for cemented

Savar clays with different values of cementation break down parameter p, and for

various values of OCR.

For OCR value of 1, and for 7% cemented Savar clay and for OCR values of 1and 2 and
14% cemented Savar clay, excess positive pore pressures are predicted. The predicted
excess positive pore pressures were observed to be higher for lower values of the
cementation break down parameter p, .

For OCR values of 2, 5, 10, 20 and 30 and for 7% cemented Savar clay, the predicted
excess pore pressures were observed to be negative in all cases. For higher values of the
breakdown parameter p" higher excess negative pore pressures are predicted. The
predicted excess negative pore pressures were observed to increase with increasing
values of OCR. For OCR values of 5 and for 14% cemented Savar clay, the predicted
excess pore pressures were positive. There was no observable effect of the value of the
cementation breakdown parameter p, on the predicted values of excess positive pore
pressure response in this case. For OCR values of 10,20, and 30 and for 14% cemented
Savar clay, negative excess pore pressures were predicted in all cases. Higher values of

the cementation breakdown parameter p* predicted a higher excess negative pore

pressure response in each case.
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8.5 Summary and Conclusion

An extended form of the MMCC model tenned as the EMMCC model was used to
predict the stress-strain, volume change and excess pore pressure response and effective
stress path for cemented Savar clays. It was observed that cementation breakdown has a
well defined effect on the predicted stress-strain behavior of cemented Savar clays, as
would be normally expected. The effect of the rate of cementation breakdown on the
predicted stress-strain response of cemented Savar clays was also studied. It could be
concluded from this study that only high rates of cementation breakdown predict a
significant effect the stress-strain response of cemented Savar clays. Moderate or low
rates of cementation breakdown show little or insignificant effect on the stress-strain
response of cemented Savar clays. The effect of cementation breakdown on the stress-
strain response of cemented Savar clays was observed to be more pronounced for
strongly cemented clays, with higher rates of cementation breakdown. The effect of
cementation breakdown was observed to be different for different values of OCR. In
general, the EMMCC model incorporating cementation breakdown effect gives a
qualitative view of the possible effect of the rate of cementation breakdown and the
dcgree of cementation on thc stress-strain response of cemented clays in general and

cemented Savar clays in particular.
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Figure 8.11 EMMCC model prediction of drained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=20)

1200
900 a |

rC~~~

1l

600 1I

[

1
300 .

0
0 5 10

I, JJ 111

-l

[ AN 1
— — |
|
-I____RH! -
b+ RHO--I0
~ Z_ "RHO-100,
15 20 25

Axial Strain (%)

Figure 8.12 EMMCC model prediction of drained triaxial stress-strain response of 14%
cemented Savar clay (OCR=30)



189

900
600
300
o RITO-D |
- _ -R}0.-D0:!
0
0 100 200 300 400 500 600 700 S00

Mean Effective Stress (kPa)

Figure 8.13 EMMCC model prediction of drained triaxial stress path of 7% cemented
Savar clay (OCR=l)

750
til
cl.
o
n 500
1)
H—
|
en
(S}
@f 250
u I - RJ0.-1 |
o) - RHO10.
L RI-HO—106
0
0 100 200 300 400 500 600

Mean Effective Stress (kPa)

Figure 8.14 EMMCC model prediction of drained triaxial stress path of 7% cemented
Savar clay (OCR=2)



190

600
J i
400 |
200
o |
S T
1-._O.RJ-D..10011|
0
0 50 100 150 200 250 300

Mean Effective Stress (kPa)

Figure 8015 EMMCC model prediction of drained triaxial stress path of 7% cemented
Savar clay (OCR=5)

600
400
200-
----RK)..1
....... )RK ..10!
-. - .. RK)..10a
0
0 50 100 150 200 250

Mean Effective Stress (kPa)

Figure 8.16 EMMCC model prediction of drained triaxial stress path of7% cemented
Savar clay (OCR=l 0)



191

600
g /
~ 400
&
en
U]
‘0
(@__ 200
C
0
0 50 100 150 200 250

Mean Effective Stress (kPa)

Figure 8.17 EMMCC model prediction of drained triaxial stress path of 7% cemented
Savar clay (OCR=20)

600
"
d.
SI 400
€
]|
Q
Q200
c L
0
0 50 100 150 200

Mean Effective Stress (kPa)

Figure 8.18 EMMCC model prediction of drained triaxial stress path of 7% cemented
Savar clay (OCR=30)



2000
"
0
P 1500
m
&
m 1000
u
°C
Q
o
o 500
cl
0

192

200 400 600 800 1000 1200

Mean Effective Stress (kPa)

Figure 8.19 EMMCC model prediction of drained triaxial stress path of 14% cemented

Savar clay (OCR=l)

2000
0
0,
‘o 1500
m
m
(3
m
O 1000
‘C
Q
o
o 500
Cl
0

100 200 300 400 500 600 700 800

Mean Effective Stress (kPa)

Figure 8.20 EMMCC model prediction of drained triaxial stress path of 14% cemented

Savar clay (OCR=2)



193

1500
1000
500
1- .. ~ -
... —-10
0
0 100 200 300 400 500 600

Mean Effective Stress (kPa)

Figure 8.21 EMMCC model prediction of drained triaxial stress path of 14% cemented
Sayar clay (OCR=5)

S| 133q

O=¢Boic

1500

1000

500

100 200 300 400 500

Mean Effective Stress (kPa)

Figure 8.22 EMMCC model prediction of drained triaxial stress path of 14% cemented
Sayar clay (OCR=10)



194

1200
11 /
90 , y.
o 900
I !
Il
1]
d V4
Ifl 600 /
R /
o) .
CO
'S o/
i 300
cl /
- / %- ______ =
! -.-.—~-1
d
d 100 200 300 400 500 600

Mean Effective Stress (kPa)

Figure 8.23 EMMCC model prediction of drained triaxial stress path of 14% cemented
Savar clay (OCR=20)

1200 ., —===mmmmmmmmmm e )
m
Eo
o 900
1y
'F 600
O
°C:
S
C0
'S:
S 300 JJ
o)
a

a 50 100 150 200 250 300 350 400

Mean Effective Stress (kPa)

Figure 8.24 EMMCC model prediction of drained triaxial stress path of 14% cemented
Savar clay (OCR=30)



195

16 - mmemenme-
12 -
|C - -_—
E o ..
en = . -
: . c
4 ..z../;':;.1
0 "
/ll~
0
0 5 10 15 20 25

Axial Strain (%)
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Figure 8.26 EMMCC model prediction of drained volume-strain response of 7%
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196

3
c =
e
me
Q) W
:EI - l- ' l-
0 RS
> l . | B | | B | | I | | B | | B | | B | |
r~_~___________________~~ ~ A~
'] ] _ .
! ecccce Rt{)—lo
0
0 5 10 15 20 25

Axial Strain (%)

Figure 8.27 EMMCC model prediction of drained volume-strain response of 7%
cemented Savar clay (OCR=5)
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Figure 8.31 EMMCC model prediction of drained volume-strain response of 14%
cemented Savar clay (OCR=l)

9
o o R
Ui e T s e,
% o _ o Tt
-:6 ) '.”““',l .
> 8 1 h/-" | | |

- ~“”-; F- - --. - - - M ~
o ' 1 "I T T 1
0
0 5 10 15 20 25

Axial Strain ('loj
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199

6Tr==——;:--.-;-.:..;————————————— 1

e REIR-10=
. -_—- OO
5o -

5 10 15 20 25

Axial Strain (%J

Figure 8.33 EMMCC model prediction of drained volume-strain response of 14%
cemented Savar clay (OCR=5)

4 - _---_-
L
Lo
1 n
L T
'——
o J T
0 5 10 15 20 25

Axial Strain (%J

Figure 8.34 EMMCC model prediction of drained volume-strain response of 14%
cemented Savar clay (OCR=10)



200

6 THI-.———————- RHQ-~...,_1,......,

P RI-K)...10

- —.-RHO--10
C_ 4 —
en o — ==
b St
E
i 2 uno_.n_.l_

0 5 10 15 20 25

Axial Strain (%)
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Figure 8.36 EMMCC model prediction of drained volume-strain response of 14%
cemented Savar clay (OCR=30)
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Figure 8.37 EMMCC model prediction of undrained triaxial stress-strain response of 7%
cemented Sayar clay (OCR=l)
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Figure 8.38 EMMCC model prediction of undrained triaxial stress-strain response of 7%
cemented Sayar clay (OCR=2)
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Figure 8.39 EMMCC model prediction of undrained triaxial stress-strain response of 7%

cemented Sayar clay (OCR=5)
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Figure 8.41 EMMCC model prediction of undrained triaxial stress-strain response of 7%
cemented Sayar clay (OCR=20)
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Figure 8.42 EMMCC model prediction of undrained triaxial stress-strain response of 7%
cemented Sayar clay (OCR=30)
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Figure 8.43 EMMCC model prediction of undrained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=I)
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Figure 8.45 EMMCC model prediction of undrained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=5)
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Figure 8.46 EMMCC model prediction of undrained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=10)



206

1000
750 {"=i~um -l=~ P L
1
|
c |
m 500 |
11} |
E [
en I
.
5 250 ---RHO- |
M . RHO-I0 |
e - - . RHO-10
cl a
a 5 10 15 20 25

Axial Strain (%)

Figure 8.47 EMMCC model prediction of undrained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=20)
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Figure 8.48 EMMCC model prediction of undrained triaxial stress-strain response of 14%
cemented Sayar clay (OCR=30)



207

5700 ——
400
200
- =110 =
- - _~_IQ
0
0 100 200

Mean Effective Stress (kPa)
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Figure 8.50 EMMCC model prediction of undrained triaxial stress path of 7% cemented
Savar clay (OCR=2)
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Figure 8.53 EMMCC model prediction of undrained triaxial stress path of 7% cemented
Savar clay (OCR=20)
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Figure 8.54 EMMCC model prediction of undrained triaxial stress path of 7% cemented

Savar clay (OCR=30)
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Figure 8.57 EMMCC model prediction of undrained triaxial stress path of 14% cemented
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CHAPTER 9

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF
MODEL SCALE FOOTINGS AND PILES

9.1 Introduction

A numerical and experimental investigation of the bearing capacity of model scale
footings and piles resting on remolded Savar clays, with and without cementation,
was carried out as part of this research investigation. An elasto-plastic finite element
analysis was done to numerically simulate the load-displacement response of model
scale footings and piles resting on remolded Savar clays, with and without
cementation, and using the Modified Cam Clay (MCC) model and Modified

Modified Cam Clay (MMCC) model. The results of the numerical analysis were

compared with the experimental data.

9.2 Sample Preparation

The collected sample of Savar clay was dried in air. It was then pulverized using a
grinding machine. The pulverized soil was then sieved through a sieve of size 40. The
soil passing sieved 40 sample was thoroughly mixed with water. The water content
used was approximately 1.5 times the Liquid Limit (L.L) of the soil, which was
determined in thc laboratory. The water was mixed with thc soil by hand kneading
initially. Subsequently, the soil and water was further mixed in a Hobart rotary
laboratory mixer for about 30 minutes. The homogeneous soil slurry then prepared
was placed in a cylindrical consolidation cell and subjected to Ko consolidation. The
cylindrical consolidation cell was 210 mm in diameter and 180 mm in height. A thick
perforated steel disc covered with a filter paper was placed on top and bottom of the

cell consolidated to ensure adequate drainage during consolidation.

The soil slurry was for consolidated by self weight for the first 24 hours.

Subsequently, the computed target consolidation load of 50 kPa and 150 kPa was
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gradually applied on the slurry sample in 10 equal increments. Each increment of load
was applied for 24 hours. A loading frame was used for the load application and a
proving ring was used for measuring the load. The consolidation was generally
maintained until the load displacement curve indicated the end of primary
consolidation of the slurry sample. After the completion of consolidation of the

remolded soil sample in the cylindrical mold was used to conduct model scale footing

and pile tests

9.3 Experimental  Setup

The model scale footing and pile test was conducted using the same cylindrical mold
that was used for consolidation of the soil slurry. A model scale circular steel footing
10 mm in thickness and 25 mm in diameter was made. The footing had a long column
at the centre for application of the load. This column was 10mm diameter and 50 rom
in length. The top of the column was given a conical depression. The circular steel
footing was placed at the centre of the consolidation mold on the surface of the
consolidated clay. The column at the top of the circular footing was brought in contact
with the centre of the proving ring. The footing was then axially loaded in ten equal
increments of load using thc proving ring and the loading franlc. The applied load was
measured from the displacement of the proving ring as measured by a dial gauge
placed inside it. This displacement was multiplied by the proving ring constant to
compute the axial load applied to the footing at each increment. The displacement of
thc footing for each loading increment was measured by another dial gauge placed in

contact with thc surface of the circular steel footing.

For the pile test, a 100 mm long column (model pile) with 10 mm diameter was added
to thc bottom of the circular steel footing manufactured for the footing test. The 100
mm long column or pile was then pushed into the consolidated soil sample at thc
centre of the consolidation mold. This was constmed as a single steel pile with a 25
mm diameter and 5 mm thick circular steel pile cap. The 50 mm long and 10 rom
diameter column at the top of the pile cap was used to axially load the pile in ten

cqual load increments. The displacement of the steel pile was measured as the axial
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vertical displacement of the steel pile cap using a separate dial gauge attached to the
pile cap. Figures 9.1 and 9.2 shows a model scale footing test being carried out in the
cylindrical consolidation mold using the model scale steel footing, proving ring and

the loading frame.

9.4 Finite Element Modeling

The model scale footing and pile test was numerically simulated using the finite
element method. The model scale footing test domain geometry was generated using a
total of 114, 8-noded quadrilateral elements, with a total of 387 nodes. The steel
footing was simulated using 4, 8-noded quadrilateral clements. For the model scale
pile, 112, 8-nodcd quadrilateral clements with a total of 383 nodes and reduced
numerical integration (2x2) were used. The 100 mm long and 10 mm diameter steel
pile was geometrically modelled using 14, 8-noded quadrilateral elements at the
centre of the mold and embedded within the cylindrical soil domain. Figure 9.3 shows
the typical mesh geometry used in the finite element analysis to simulate the model
scale footing and pile using 8-noded quadrilateral elements. Figure 9.4 shows a

typical isoparametric 8-noded quadrilateral element.

The distance of the cylindrical domain boundary from the edge of the circular footing
was approximately 10 times the diameter of the footing. This distance generally
considered adequate to preclude any boundary effects on the footing. The vertical
boundary of the footing was restrained from movement in the horizontal direction.
However, it was free to move in the vertically downward direction. The bottom
boundary of the cylindrical domain was at a depth of approximately 10 times the
footing diameter from the surface of load application. This precludes any boundary
effect of the bottom boundary on the footing. The bottom boundary was restrained
from moving both in the vertical and horizontal direction. The soil was modeled using
the Modified Cam Clay (MCC) and Modified Modified Cam Clay (MMCC) model.
Axisymmetric, finite element analysis was done with appropriate soil parameters for

each model. The load-displacement data of the centre of the footing was plotted for
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each of the two model scale footing tests and the single model scale pile test using the

MCC and MMCC model.

The soil parameter values used for the elasto-plastic finite element analysis arc those

given in Tables A5.1 and A7.l.The soil was assumed to be Ko consolidated with value

of approximately 0.5.

9.5 Comparison of Numerical Predictions with Experimental Data

In this section, the experimental and numerical mobilised bearing pressure curves
obtained for uneemented and cemented Savar clay for model scale footings and piles
are presented and compared. The pressure-displacement relationship obtained by
numerical analysis for the centre of the model scale footing and pile by elasto-plastie
finite element analysis using the MCC and MMCC was plotted for uncemented and
cemented Savar clays. Figures 9.5 and 9.6 show that reasonable qualitative agreement

of the plots with experimental data obtained for model scale footings and piles.

9.6 Comparison ofMCC and MMCC Model Predictions

From load-displacement curve shown in Figures 9.7 through 9.10, it is apparent that
the MMCC Model which incorporates tensile strength predicts higher loads at a given
displacement, than the MCC model. However, the qualitative nature of the load
displacement curves for both models appear to be similar. The nature of the predicted
load-displacement curves for 14% cemented Savar clay using the MMCC and MCC

Model were observed to be similar to those for 7% cementation.

The numerical predictions of the load-displacement response of model scale footings
resting on 7% and 14% cemented Savar clay respectively and using the MMCC
modcl are shown in Figures 9.lland 9.12. Bearing capacity predictions of footings
resting on 14% cemented sample were significantly higher than those for 7%
cemented sample, which is reasonable. The MMCC model appears to be a better

predictor of the load-displacement response of model scale footings and pile.
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9.7 Conclusions

The load-displacement response of a model scale footing and pile in uncemented and
artificially cemented remolded Savar clays was obtained, both experimentally as well
as numerically. It was observed that both the MCC and MMCC model give a
reasonable qualitative approximation of the experimental load-displacement response
obtained for model scale footings and piles resting on remolded Savar clays, with and
without cementation. More model scale and prototype footing and pile tests, as well
as more detailed numerical analysis, need to be conducted to validate the results of the

experimental and numerical investigations of the current research.
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Fig. 9.1 Model scale footing on consolidation mold

Fig. 9.2 Model scale footing on consolidation mold
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Fig. 9.1 Model scale footing on consolidation mold

Fig. 9.2 Model scale footing on consolidation mold
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AEENA *Axisymmetric  Circular Footing*

Figure 9.3 Finite element mesh for model footing usmg 8-noded quadrilateral
elements

Figure 9.4 An 8-noded quadrilateral elements
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

10.1  Introduction

A limited research investigation was carried out for numerical prediction of the stress-
strain behavior of Savar area clays, with and without cementation. Three advanced
critical state constitutive models, namely the Modified Cam Clay (MCC) model, the
Modified Modified Cam Clay (MMCC) model, and the extended MMCC model or
EMMCC model, were used to simulate the triaxial stress-strain response of remolded
Savar area clays, with and without cementation, both for drained and undrained
conditions. An expelimental study of the load-displacement response of model scale
circular footings and piles resting on remolded Savar clays was also undertaken. The
MCC model was used in an elasto-plastic finite element procedure to simulate the
experimentally obtained load-displacement response for model scale circular footings

and piles resting on remolded Savar area clays.

The results of the numerical analysis and experimental work, observations and

conclusions, recommendations made and propositions for further investigation are

discussed in this chapter.

10.2  Concluding Observations

Simulation of the numerical behavior of Savar area clays was carried out using three
constitutive models. The MCC model, and its two variants, the MMCC and EMMCC
model, were used to predict the stress-strain, excess pore pressure and effective stress
path of reconstituted Savar clays, without cementation and with 7% and 14%
cementation, for various OCR values, and under drained and undrained conditions.
Experimental results and numerical predictions using the MCC and MMCC model
were obtained for model scale footings and piles resting on remolded Savar clays,

with and without cementation. Specifically, the following conclusions aud
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observations may be made regarding the capabilities of the MCC model and its

variations, the MMCC and EMMCC model, to predict the stress-strain behavior of

remolded Savar clays, with and without cementation.

« The MCC model is a good predictor of the undrained stress-strain behabiour

of remolded Savar clays.

e The MCC model predicts increased undrained shear strength for increased
percentage of cementation in Savar clays. The rate of increase of shear

strength decreases with increase in the percentage of cementation.

o« The MCC model predicts an initial stiff elastic stress-strain response both for

overconsolidated and cemented clays.

« The MCC modcl incorporating tensile or cementation strength, temled in this
thesis as the MMCC model, predict higher undrained shear strength for
cemented clays than the MCC model. The MMCC model appears to be an
improvement over the MCC model for prediction of the undrained shear

strength of cemented clays.

. The drained stress-strain responses predicted for remolded Savar clays, with
and without cementation, are significantly higher than the corresponding
undrained stress-strain predictions, using the MCC, MMCC and the EMMCC

model.

. The EMMCC model, incorporating cementation strength and its breakdown
effects, appear to have relatively smaller influence on the predicted stress-

strain response of remolded Savar clays, with and without cementation.

« The MCC and MMCC model provides reasonable qualitative predictions of
the mobilised load-displacement response of model scale footings and piles

resting on remolded Savar clays, with and without cementation.
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10.3 Recommendations for Fnrther Research

Detailed experimental investigation of the triaxial stress-strain response of remolded
Savay clays, with and without cementation, for valious OCRs, and for drained and
undrained conditions, need to be carried out. These experimental results may then be
compared with the numerical predictions presented in this work. This will help to
identify the strengths and limitations of Vall0UScomponents of each of the models

presented in this thesis.

A more detailed experimental investigation of the load- displacement response of
model footings and piles on resting on remolded and artificially cemented clays may
also be undertaken. This will give greater understanding of the effect of cementation
of clays on the bearing pressure mobilised by footings and piles resting on such clays.
The behavior of footings and piles underlain by layered materials, with alternating
cemented and uncemented clay layers of various thicknesses, may also be carried out,
both numerically and experimentally. This is likely to provide valuable insights on the

load-displacement response of footings and piles under realistic field conditions.
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.APPENDIX |

GEOTECHNICAL PARAMETRS OF UNCEMENTED AND
CEMENTED DHAKA CLAY



Table Al.lIndex

and other properties of Dhaka Clay (Uddin, 1990)
SI. No Properties Range
| Liquid limit 39% to 50%
2 Plastic limit 18% to 25%
3 Plasticity index 18 to 29
4 Clay content (less than 2 micron) 15% to 35%
5 Sand content 0% to 11%
6 Silt content 65% to 85%
7 Water content 17% 1o 37%
8 Co-efficient of consolidation HAto—34
9 Soil classification under unified | CLand CH
classification system
Table AL2 Geotechnical parameter of Dhaka Clay (Ameen, 1985)
Sl. No | Parameter Value
I Isotropic compression index[ C, (iso)] &l
2 Isotropic swelling index .04- .01
3 K0 compression index [C, (K 0)] 27
4 K, sweliing indcx .02-.005
5 K, valuc at normally loadcd state 46
6 K value at preloaded state(OCR=1.2 to 12) [ ~14 10323
2 T9
7 S (8, /(7. ) for K, consolidated soil
8 S(S~ 75 Torisotropically consolidated ot <Y
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Table Al.3 Effect of Cement Treatment on engineering properties of the Clay

(Uddin, 2004)

[llcreasmg

Properties | General Effect in | Effect of mcreasmg | Effect of
comparison to the | Cement Content Curing Time
Untreated Clay
Specific Decrease Reduces significantly =~ m [ Generally, decrease with
gravity significantly the case of higher cement |time but remain almost
content constant at 2.61-2.62
after 8-12 weeks time
Water Immediate Reduces significantly with [Reduces substantially at
content decrease in watcr | higher cement content longer curing time
content by about
o% 10 10%
Plastic Increases Increases at higher cement [Increases in the case of
it content longer curing time
Liquid Small reduction Insignificant  change but [ Slight reduction f liquid
limit some samples show little |limit occurs at longer
reduction of liquid limit | curing time
with an incrcase of cement
content
Plasticity Reduces Reduces Ill the case of | Decreases at  longer
index higher cement content cunng time. Effect of
curing time is more than
that of cement content
Unit Increases Increases m the case of | Increases at longer curing
weight higher cement content time
Void ratio | Decreases Reduces m the case of | Reduces m the case of
higher cement content Ionger curing tme
Degree of | Increases Increases with  higher | Increases in the case of

saturation

cement content

longer curing time
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Clay

Table AlL4 Index and shrinkage properties of Cement-treated Dhaka
Hasan, 2002)
Index and shrinkage Properties Cement_contemt (%)
0 1 3 5 7
Liquid limit 52 51 48 46.5 45.5
Plastic limit 23 25 30 315 32
Plasticity index 29 26 18 15 135
Shrinkage limit 22 215 20 19 18
Table A1.5 Index and shrinkage properties of Lime-treated Dhaka Clay (Hasan,
2002)
Index and shrinkage Properties Cemert content| (%)
0 1 3 5 7
Liquid limit 52 50.5 49 48 46.5
Plastic limit 23 235 24 25 o
Plasticity index 29 27.5 25 23 22.5
Shrinkage limit 14 15 15.5 16 17



Table Al1.6 Unconfined compressive strength

treated Dhaka Clay (Hasan, 2002)

test result of untreated

245

and cement

Cement content (%) Curing Age qu

(Days) (kP)

0 - 380
7 482

1 14 653
28 1020

7 946

3 14 1636
28 2464

7 2188

5 14 2551
28 3075

7 2671

7 7 2892
28 3588
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Table AL7 Unconfincd compressive strength test rcsult of untreated and lime

treated Dhaka Clay (Hasan, 2002)

Lime content (%) Curing Age qu
(Days) (kPa)
0 - 380
7 470
1 14 775
28 984
7 1020
3 14 1381
28 2015
7 1877
5 14 2192
28 2385
7 2173
7 14 2304

28 2678
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APPENDIX I

INDEX PROPERTIES AND DIFFERENT PARAMETRS OF
UNCEMENTED AND CEMENTED SAVAR CLAY



Tablc A2.1 Index propertics and classification of uncemcntcd remolded Sayar area
Iny
Specific | Liquid Plastic Plasticity USCS
Gravity Limit, Limit, Index, Grain Size Distribution Symbo
S == =2 R l
% Sand | %Silt % Clay
2.68 43 17 26 10 62 28 CL

Table A2.2 Index properties of the cemented Sayar area clay.

% Of Cement | Specific Liquid Limit, [ Plastic Limit, Plasticity Index,
Content Gravity SE RL Rl
Gs
7% 2.64 43 22 21
14% 2.6 42 24 18
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Table A2.3 Unconfined compression strength and clastic modulus of uncemented and

7% and 14% cemented reconstituted Sayar clay.

Samplc Designation qu (KN/mZ) Ei (KN/m"
Remolded Sayar clay 110 18230
Sayar clay with 7 % ccment 354 22125
Sayar clay with 14 % ccment 587 28765
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Table A2.4 Unconsolidated Quick Direct Shear test result of uncemented and 7% and

14% cemented reconstituted Sayar clay.

Sample Designation Undrained  Shear | ShearDisplacement
Stress, (rom)
(KN/m”

Remolded Sayar clay 37 4

Sayar clay with 7 % cement 1sb z

Sayar clay with 14 % cement 260 -.Uo

Table AZ.5 the critical state parameters from consolidation test of uncemented and

7% and 14% cemented reconstituted Sayar clay.

Sample Designation

Davanmaaotare
I ATUITICIUT O

2% R
Remolded Sayar clay 290 -6332
Sayar—ctay—with—79t—cement 187 }
Sayar clay with 14 % cement .03 01
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APPENDIX 11

COMPARISON OF EXPERIMENTAL DATA OF MODEL
SCALE FOOTING TEST WITH NUMERICAL
PREDICSIONS USING THE MCC AND MOHR-COULOMB
MODEL ON COASTAL CLAYS OF BANGLADESH
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Figure A250 Comparison of experimental data of model scale footing test
(cr; =50kPa) with numerical predictions using the Modified Cam Clay model
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Figure A251 Comparison of experimental data of model scale footing test
(0-; =150kPa) with numerical predictions using the Modified Cam Clay model
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Figure A2.52 Comparison of experimental data of model scale pile test (0'; =I50kPa)
with numerical predictions using the Modified Cam Clay model
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Figure A2.53 Comparison of experimental data of model scale footing test
(0'; =50kPa) with numerical predictions using the Mohr-Coulomb model
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Figure A254 Comparison of experimental data of model scale footing test
(0": =150kPa) with numerical predictions using the Mohr-Coulomb model
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Figure A2.55 Comparison of experimental data of model scale pile test (0": =150kPa)
with numerical predictions using the Mohr-Coulomb model
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Figure A4.! 0 Shear stress ys shear displacement curve of uncemented Sayar clay
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Figure A4.1 1 Shear stress ys shear displacement curve of 7 % cemented Sayar clay



255

300
@
11.
~200-
S
Ql
a
@ 100-
.C; __ 50kPa
m __ 100kPa
--".-150 kPa
0,
0 1 234 5

Shear displacement (rrrn)

Figure A4.J2 Shear stress vs shear displacement curve of 14 % cemented Sayar clay
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