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Synopsis

The research work undertaken in ihis Master’s dissertation focused on the soil
behaviour of Maguga clay in terms of stress-strain-strength characteristics. The
behaviour of the clay is investigated from two different testing perspectives, namely
conventional and non-conventional stress path testing.

Comparisons are drawn from conventional triaxial compression teéting investigating
undisturbed and remoulded clay specimens. Marginal differences with respect to
conventional stress-strain characteristics and shear strength are observed. @ The
conclusion is drawn that, where possible, undisturbed triaxial testing should bg
undertaken because the in-situ soil structure cannot be adequately simulated in the
laboratory using remoulded samples. The conventional triaxial results are
incorporated with consolidation tests in order to compile the critical state concept,
which enables a conventional back-prediction to be compiled. The back-prediction
simulated the undisturbed test results more effectively than the remoulded test resulits.

The non-conventional stress paths consisted of sequential combinations of various
common stress paths. The non-conventional paths simulated a stress history, which
preconditioned the remoulded soil structure before failure was induced.  Different
soil responses for the non-conventional stress path tests are observed in the triaxial
test results. The remoulded soil structure responded as in a stiff manner when
various combinations of stress paths are applied and as a plastic material when the soil
structure integrity is destabilised by pore water dissipation. There are no
experimental specifications and sparse research literature regarding non-conventional
stress paths even though such paths do realistically occur in geotechnical structures.

The non-conventional stress path results are incorporated into the critical state
concept, although the model is limited to formulation from standard triaxial test
applications. The critical state analysis of Maguga clay shows that no matter what or
how many stress paths are simulated, they all tend to follow various yield surfaces.
These yieid surfaces approach the critical state surface from different states of applied
stress, suggesting that perhaps the non-conventional stress paths can be épplied to the
many models that are based on the prediction of the reliability of experimental test

results.
I
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CHAPTER 1

INTRODUCTION
1.1 Introduction

Maguga Dam is situated 15 km north of Piggs Peak in Swaziland and is the fourth largest
earth embankment in Southern Africa. Maguga Dam is a dry core rockfill dam 750m
iong and 115m high. Rockfill and core material were extracted from areas behind the
dam within the inundation zone of the basin area. The UCT geotechnical laboratory was
awarded a contract to test the shear strength properties of various core materials. The
core materials consisted of brown, sandy-silts and red, slightly silty clays, which were
tested in the conventional (standard) triaxial compr&ssibn manner. The term
" ‘conventional’ has long been associated with the typical isotropically consolidated,
undrained triaxial compression test. The conventional triaxial compression test has been
conducted in standardised triaxial cells, whereby cell pressure is kept constant while the

axial pressure is increased.

In recent years developments in geotechnical equipment, control and data acquisition
have allowed the simulation of non-conventional triaxial tests in stress space that was
previously only attainable in a ‘theoretical’ context. In reality, the soil is in general
exposed to specific or several successive stress conditions in its stress history, obviously
the stress conditions will naturally depend on the geotechnical application in question.
Following a so-called stress path attains these stress conditions. Each stress path has its
own distinct stress characteristics, which was previously unable to be simulated in the
triaxial test apparatus. The progression of developments in the field of triaxial testing in
the laboratory has not only enabled soil testing to advance into the more complex areas of
.soil research, but provides an insight into future stress changes within soil masses.

The attributes of the ‘modern’ triaxial system is noticeably justified by the diversity of
worldwide research currently undertaken in geotechnical laboratories in the United

-1-




Introduction

Kingdom, Brazil, Italy, Norway, Portugal, Singapore and South Africa. Geotechnical
laboratories are now capable of undertaking advanced stress path testing, but such tests
are deemed too complicated for practical application and therefore restricted to research
investigations. Unfbrtunately South African geotechnical laboratories have been
restricted to standard testing procedures because of the cost of more advanced and highly

sensitive equipment.

The control methodology of non-conventional triaxial testing requires a thorough
theoretical understanding of stress states in soil mechanics as well as the experimental
technique. The prerequisite to efficient testing is, however, that the experimenter has to
gain a competent knowledge of the theoretical fundamentals and is familiar with the
control philosophy of the specialised triaxial testing system.

1.2 Research Objectives

As highlighted earlier, developments in geotechnical equipment and data acquisition has
enabled reliable stress path simulations of what the soil may experience in the field.
Real in-situ soils should be regarded as inelastic, anisotropic and history-dependent
materials whose shear strength behaviour cannot be adequately analysed in conventional
triaxial testing. It will be shown that conventional stress-strain-strength relationships are
a good approximate solution to analysing soil behaviour, but do they really describe the

condition of the soil adequately?

The fact that most conventional triaxial tests are undertaken at 100% saturation
conditions is in fact itself questionable. The degree of saturation of soil elements in the
field are varied, hence the corresponding stress-strain-strength characteristics are in fact
different (varied saturation conditions were not investigated in this thesis). Other aspects
such as changes in stress path direction, previous stress path history, anisotropic stress

preconditioning, and failure characteristics are going to be investigated and shown in this

research work.
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During the conventional testing period, one of the Maguga test materials (identified as a
red clay-MECC765) exhibited ‘interesting difficulties’ that were attributed to the natural
stress history of the material It was of interest to the research work to see how the
material would react to an applied stress ‘history’, especially as the tests were undertaken
on remoulded material.  The research work consisted of undertaking non-conventional
testing procedures, on the remoulded test material, to investigate whether or not different
shear strength characteristics could be attained from different stress ‘histories’.

The thesis envisages that there may be different responses from soil that is tested from
undisturbed material and that consisting of remoulded material In fact, the very method
of compaction to prepare remoulded material may determine the failure characteristics
that will be observed. The differences between undisturbed and remoulded material may
be influential from a test result perspective and a soil modeling perspective.

The results of the conventional test configurations of undisturbed and remoulded
specimens are analysed to determine the most adequate test, suitable for incorporating
into the critical state model. = As the initial concept of critical state is based on
observations from the behaviour of saturated remoulded clay, an attempt is made to
decide if the undisturbed triaxial results would be successfully integrated into the critical
state concept. The critical state parameters would then be used to predict the response of

undisturbed or remoulded samples.

It is further suggested that remoulded soil subjected to ‘stress preconditioning’ alters the
soil structure of the material to accommodate that particular stress application. The
preconditioning of the remoulded soil serves the purpose of applying a past stress history
and noting the affect on stress-strain-strength characteristics as different stress paths are
followed.
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In Figure 1.1 the idealised stress-strain characteristics of soil whose particles are in a
plastic or stiff arrangement are shown. No matter what sort of stress history a soil was or
is subjected to or to what state of compaction effort the material was prepared, the stress-
strain response of the soil always tends to approach a steady state characterised by a
critical void ratio, the indicator of the particle packing.

Stress

& plastic material

Strain

Figure 1.1 Idealised stress-strain characteristics of particulate sofl

This steady state is commonly referred to as a residual state of granular or cohesive
material. This residual state is of interest in this thesis as it represents the measure of
strain after which plastic shearing continues indefinitely without changes in volume or
effective stress. The steady state is a common state that all soil material tends to;
therefore this similarity in clay can be modeled to assist the understanding of soil
behaviour.

The theoretical model that unifies shear strength and volume characteristics is known as
critical state concept. The research work will focus on critically analysing the
undisturbed conventional triaxial compression test in conjunction with the consolidation
test and formulating the critical state parameters.

Critical state assists the geotechnical engineer in predicting undrained as well as drained

response by simplifying the representation of different stress/strain conditions into a
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single diagram. The compilation of this single diagram for this research work will
emphasise, in terms of effective stress, the different modes of stress path testing.

1.3 Research Overview

In this research work, a theoretical review of the stress path method is provided, in terms
of how the method has developed. = The review is initiated in Chapter 2 by first
considering the chronological development of the stress path method and then discussing
the likely field applications of selected non-conventional stress paths in an earth
embankment scenario. With this initial basis in place it is of importance that the test
material is introduced in Chapter 3, firstly from a geological perspective and secondly
from a soil mechanical perspective so as to demonstrate the test material properties and
gain familiarisation for the test material. Details of the experimental procedure and
program for all of the triaxial compression tests are presented in Chapter 4, as well as the
triaxial control philosophy. Chapter 5 contains all of the triaxial compression test
results, discussions and comparisons with respect to conventional and non-conventional
stress path testing. Evaluation of critical state parameters and the back prediction of the
conventional stress path analysis are presented in Chapter 6.  Finally, in Chapter 7,
conclusions are drawn from the research work and the recommendations for further

research are given.



Rona aaie . s

CHAPTER 2

STRESS PATH REVIEW AND APPLICATION

2.1 Introduction

Chapter 2 is divided into two sections. The chronological review of the stress path
concept is introduced in the first section. The discussion regarding the stress path
method provides clarity to the stress parameters that are used in this thesis. The stresses
that are referred to are, namely, the deviator stress (q) and the effective mean stress (p°).
The use of the stresses q and p’ facilitate a fundamental approach to understanding the
shear behaviour of soil as the stress state varies due to conditions of loading and
unloading. The variation of stress application, often complex in structural performance,
can be analytically approached using the stress path method and expressed in the most
convenient terms, namely in q and p’, to the geotechnical engineer. The stress path

method therefore provides the basis for understanding the concept of a stress path.

The stress path theory introduced in this chapter should be regarded as a helpful method
that assists the geotechnical engineer to identify underlying geotechnical situations and,
which may allow to some extent, the anticipation of the performance of the soil in the
particular structure.

In the second section of Chapter 2, some relatively non-conventional stress paths are
highlighted, which were experienced and followed in the triaxial tests for this research
work. The non-conventional stress path equivalence in the context of field application,
within an earth embankment, is simulated using common stress paths that do and could
realistically occur. The selected stress paths were specifically undertaken on a test
material (clay) that was associated in the construction of an earth dam in Swaziland
(Komati Joint Venture, 2000). Some details about the dam, the description of the test
material and the soil mechanical properties will be presented in Chapter 3.
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Stress paths that occur beneath or within earth embankments were previously unable to
be simulated in a standard triaxial compression device in the geotechnical laboratory.
Simulation of those stress processes is now capable with the development of
sophisticated testing equipment, the hardware and the software for data acquisition. The
developments over the last decades have enabled triaxial testing to progress to
stress/displacement zones that were only known to be theoretically possible. The
identification of the spéciﬁc stress paths is presented in acronym fashion to facilitate the
easy and quick demonstration and reference of the stress paths in these stress/strain

zones.
2.2 Stress Path Theory

2.2.1 Introduction

The stress path method was described by Lambe (1967) and Lambe & Marr (1979),
Pender (1980) and Fredlund & Rahardjo (1993) as an important tool in geotechnical
engineering as it investigates the cha;lges in stress state that a soil structure undergoes in
its historical development and the consequences in the field application. The stress

states in the stress path method can be represented by Mohr circles in the t-o diagram.
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Figure 2.1 Mohr circle diagram in terms of selected stress points (Lambe, 1967)
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In Figure 2.1 the basic illustration of typical Mohr circles in a t-c diagram in terms of a
selected stress point governed by the stress parameters defined as q and p are shown (all
stresses are at this stage shown in total terms). The peak stress point represents the point
of maximum shear stress at a specific stress state comprising of principal stresses o; and
o;. This peak point itself is defined by the stresses q and p. These shear strength
parameters will be elaborated in more detail in the coming sub-sections. In a
conventional triaxial compression test o3 is kept constant and o, varies as the loading is
increased. The result is that a number of different stress states (each represented by a
Mohr circle starting at an initial mean stress p) are passed through. If the peak stress
points of the circles were joined, a path is identified representing the different stresses
applied to a soil element in the process of a test. This line of interconnected stress points

is known as the stress path.

The construction of Mohr circle plots is cumbersome to derive for non-conventional
triaxial tests in terms of plane strain situations. The fact that Lambe & Marr (1979)
choose to ignore the principal stress 5, (due to plane strain considerations), suggests that
the influence of the intermediate principal stress is of less importance and has been
neglected in the method. Lambe & Marr (1979) concluded that the contribution of the
principal stress o2 was small in a number of geotechnical stress/strain situations, but
Pender (1980) amongst others, demonstrated a case where intermediate principal stress o,
influenced the quantity an engineer predicts and cannot be ignored. In his research it is
further illustrated that the influence of the intermediate principal stress o2 could be
captured by using a three-dimensional representation of stress that is conveniently
portrayed in terms of q and p. This formed the basis of representation of a stress state in
the g-p’ diagram.

2.2.2 Effective Stress Principle

The geotechnical engineer generally applies the limit equilibrium analysis in the field to
calculate stresses and loads. Hence he is concerned with stress in the stress path method,
and thus not strain. Stresses and forces can be approximated with a degree of accuracy in
the field, while strain can be regarding as an undefined variable. The fundamental basis

-8-
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for understanding the behaviour of saturated soils, in terms of stresses, is accepted in
geotechnical engineering as the Effective Stress Principle.  The principle of effective
stress was first stated by Terzaghi (1936) and is attributed with being the catalyst of
modern soil mechanics. The principle requires that all measurable effects associated
with changes in stress, such as straining and changes of strength, occur as a consequence
of a change of effective stress.

In the triaxial compression context, the transmission of stresses in saturated soil under an
applied load originates from the cell confining pressure o, which applies a total stress o
normal to the triaxial sample boundaries. The pressure of the water in the void spaces,
the pore water pressure, acts equally in all directions in the test sample. This pressure is
referred to as the pore water pressure (u.) and exerts a pressure uy, normal to the triaxial
sample boundaries. Thus, the difference between the total stress and the pore pressure is
transmitted across the boundary to the soil grains and is known as the ‘effective stress’
(c’). The equation defining the effective stress is:

G’ =0C-uUw 2.1)
2.2,3 Cambridge Stress Field Method

Lambe & Marr (1979) introduced the concept of ‘stress paths’, ignoring the principal
stress o3 Rbscoe et al (1958) developed the use of the mean of the three principal
stresses (0,02, 03) instead of the mean of the major and minor principal stresses (¢1,03).
This method became known as the Cambridge Stress Field method. The effective mean
stress p’ and deviator stress q are defined in terms of effective stress by the following

equations:

,_o\tohto!y o'\+20)
3 3
2.2)

— 7! t
4=0,-03=0,—-0;



Graphical representation of the stresses q and p’

The stresses q and p’ can be illustrated from a set of triaxial compression tests by using
stress paths. In Figure 2.2 the three effective stress paths from a conventional triaxial
compression test in the Cambridge stress field is shown. The stress paths rise at a slope

of 3:1 from effective mean stress ¢’; and terminate on the failure line.

The Cambridge or MIT stress plot is fundamentally advantageous as it presents the state
of stress with regard to the mode of failure conveniently better than other methods, such
as the Mohr circle method. The behaviour of elastic soils is also a particular property
associated with the Cambridge Stress Plot method. The term ‘elastic’ refers to the
recoverable states that can be attained from particular soils at low stress-strain regions.
The undrained effective stress path for such an elastic soil consists of a constant p’ stress
path by definition of the method (Head, 1986). This particular stress path will be

discussed in the non-conventional stress path section.

3
+ =Omax =(oy- 03}y —

‘Figure 2.2 Caminidge stress field with stress paths (Head, 1986)
The Cambridge stress plot can be expanded by plotting volume changes, in terms of void

ratio or specific volume in a plane perpendicular to the q-p’ plane. A three-dimensional

space representing stresses and deformation is obtained. Such three-dimensional

-10-
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stress/deformation fields have been used extensively in ‘critical state’ formulation. The
critical state concept will be presented in Chapter 6.

Derivation and conversion of the shear strength parameters ¢’ and ¢’

Triaxial tests are performed on axisymmetrical samples and the response of the sample is
exposed to a state of stress according to the respective stress path application. In
Figure 2.3 a Cambridge shear strength diagram with effective stress paths (ESP) at
selected mean effective pressures (p’o) are shown. The initial p’s are equal to the
principal effective stress o3’. The line drawn through the set of peak points representing
failure (ie. maximum q and maximum p’ values) identifies the failure line or failure

surface.

Although q-p’ diagrams are presented in terms of effective stresses in this thesis, there
are other paths associated with the Cambridge Stress Plot method, namely the total stress
path (stress paths expressed in q versus p) and the path of total stress minus static pore
pressure (where q versus {p-us}). These stress paths are not shown in Figure 2.3.

A
Failure Surface
=)
(/]
§ — t] t]
a2 Quax = (6”1~ O’ 3)fuiture
F
> ’
g [
o T et ety J ¢
? ¥ 1
Q° I I’ I, l’
? F4 ¥
t ] £ 3 : ? : ’
Pa Po2 Po3
Effective Mean Stress p’

Figure 2.3 Cambridge shear strength diagram with stress paths at selected p’,

The failure surface can be formulated in terms of g-p’ values as q = p’.tamm + Q.. The

Mohr-Coulomb shear strength parameters (¢’ and c’) can be calculated from this
-11-
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relationship where n is the inclination and Q, the intercept of the failure line. The angle
of internal friction ¢’ and cohesion ¢’ in effective terms are calculated using the

following conversion equations:

3tanp
6+tann

sm¢'

2.3)

o'= 3-sing’
@)

2.2.4 Representation of stress paths in principal stress space

Elements of soil are subjected to loading or unloading in vertical and horizontal direction
during their stress history. At different locations in the vicinity of é structural element
the soil elements are exposed to different stress paths. For the purposes of predicting the
behaviour of soil, it is imperative that all the major stress paths that are experienced in
reality are known and simulated in the laboratory. Desai & Siriwardane (1984)
identified the most common stress paths in terms of principal stress space. In Figure 2.4
those paths are projected into the triaxial plane. Each stress path has a name according

to principal loading direction. The respective acronyms are given.

Stress Path Acronyms:
PL = Proportional Loading
RTC = Reduoed Triaxial Compression
TC = Triaxial Compression
$S = Simple Shear
CTC = Conventional Triaxial Compression
HC = Hydrostatic Compression
CTE = Conventional Triaxial Extension
TE = Triaxial Extension
RTE = Reduced Triaxial Extension

\/-2-0'1 = \/-2.03

Figure 2.4 Schematic representations of common stress paths in the triaxial stress space
(Desai & Siriwardane, 1984)
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The stress paths discussed in this thesis are presented in the Cambridge q-p’ diagram,
however they are identified in accordance with the respective stress paths in principal
stress space.  The identification of the common stress paths forms an important
component in the following section on non-conventional stress paths.  Explanations
defining the non-conventional stress paths are represented in the subsequent section. The
simulation of the non-conventional stress paths and the effect on some selected field
application where stress paths of that nature will occur, is discussed.

2.3 Non-Conventional Stress Paths

Non-conventional stress paths consist of combinations of common stress paths that are
applied in a particular sequence, so that a simulated stress history can be represented.
State-of-the-art triaxial testing is capable of fully automated control in an unlimited range
of non-conventional stress paths. The operation of computers in conjunction with
specialised triaxial cells has improved the stress/strain application of stress paths. The
in-situ stress path of any particular soil can be followed in the laboratory, therefore
allowing the simulation of complex loading and unloading processes in the field.

As this research work in its first phase focused on the simulation of stress conditions and
to compile meaningful data for the subsequent modeling exercise, it was essential that
major stress paths, which could be experienced in reality in a particular situation, be
followed and investigated.

This was undertaken in two distinct initial load applications, namely, starting at an
isotropic stress state (consolidation) creating an isotropic stress condition, which
corresponds to standard or conventional test approach. The other starting point was a
zero all-round pressure (p, = 0), followed by an anisotropic load application creating
anisotropic stress conditions in the test sample. Different simulated stress histories were

applied to the test samples to produce non-conventional stress paths.

Conventional triaxial compression tests are either undertaken in drained or undrained
conditions, which are easily distinguishable in the standard context. Specific non-
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conventional stress paths are undertaken in a controlled ‘drained’ condition, which
consists of a controlled or ‘locked-in’ pore water pressure. The ‘locked-in’ pore water
pressure is undertaken at a relatively high pressure so that the dissolved air in the water
does not dissolve out of solution. This controlled ‘drained’ condition is described as a
quasi-drained condition in the non-conventional triaxial tests. The relevant quasi-
drained conditions will be recognised as a controlled ‘drained’ condition for this research

work.

The details of the non-conventional stress paths are discussed in the subsequent sub-

sections.

2.3.1 Proportional Loading (PL) in conjunction with Conventional Triaxial
Compression (CTC) and Reduced Triaxial Compression (RTC)

The starting point of the stress path for soil samples subjected to anisotropic compression
or proportional loading (PL) is at the zero (isotropic) stress condition (p’s = 0). The
diagonal movement in stress space is achieved by means of incremental loading of the
effective mean stress and the deviatoric stress. The incremental loading is applied as a
ratio of principal stresses o’; and 6’3 (or q and p’) so that it remains constant during the
loading. In Figure 2.5, the PL stress path or anisotropic compression path of a ratio K,
of 0.50 is shown.

»y Ko=050
PL or anisotropic path <

-
rd

Deviator Stress q

I’,
- Isotropic path
-7 184° /

Effective Mean Stress p’

4
L4

Figure 2.5 Anisotropic compression or PL stress path
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Stress Path Revi 1 Application
According to the theory of lateral earth pressure it is generally assumed that at any point
in a soil deposit, the horizontal effective stress ¢’y (¢’3) is different from the vertical
effective stress o’y (6’1). The ratio of these stresses is known as the coefficient of lateral
stress (K). If the lateral stress condition is at ‘rest’, the soil experiences no lateral strain.
The ratio is denoted as the ‘coefficient of earth pressure at rest’ (K,) and is expressed as:

K, =0o’yo’,=0"3/c’; 2.4)

The value of K, adopted in this research work was based upon the expression given by
Jaky (1944) and suggested by Wood (1990) as an approximate value for soil materials
with an internal angle of friction ¢’ between 20° and 45°. The empirical expression for
K, is:

K,=1-sin¢’ (2.5)

In Figure 2.6(a) a ‘drained’ proportional loading (PL) stress path is shown, followed by a
conventional undrained triaxial compression (CTC) stress path. The CTC stress path is a
conventional path where the major principal stress o) is incrementally increased during
the final stage of the triaxial compression test, while the minor principal stresses 6, and

o3 are kept constant. The straight line drawn through the maximum points of the CTC

path represents the failure surface.
A
Failure Surface
o o
i i R
s 2
.’“ ’
Effective Mean Stress p’ Effective Mean Stressp’
@) ®)

Figure 2.6 (a) PL-CTC stress paths; (b) PL-RTC stress paths.
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In Figure 2.6(b) a ‘drained’ PL stress path that precedes an undrained reduced triaxial
compression (RTC) stress path is shown.  All stress paths shown in Figure 2.6 are
initiated and preconditioned along the K, line (with K, = 0.50), until predetermined
effective mean stresses are achieved. The RTC stress path is followed by incrementally
reducing the confining stresses while the axial stress is kept constant.

2.3.2 Field applications of PL-CTC and PL-RTC stress paths

It is accepted that stress paths could be followed in various combinations and
implemented in different applications, however since the test material originates from an
earth embankment, embankment applications will be considered.  Soil elements within
an earth embankment are assumed to have had sufficient time for consolidation. The soil
has ‘settled’ and a state of equilibrium exists. At this stage there is no lateral deformation
and the value of the stress ratio K would be equal to the coefficient of lateral earth

pressure K.

The K, preconditioning within the soil element can be a rather complex process,
considering the many stress conditions that the soil can be exposed to. Any choice of
applied stress condition can be applied. For simplicity only two common stress paths,
(namely the CTC and RTC paths), are followed starting at the K, line.

Stress interventions that affect soil behaviour are characterised in two manners, namely a
physical intervention by man and a natural process. A selected physical intervention
represented by the PL-CTC stress path is shown in Figure 2.7.

/
/ Constant 63 = \\

Figure 2.7 Field application of PL-CTC stress path
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In the schematic of Figure 2.7, a K, condition has been reached and the soil is in
equilibrium in the existing embankment. As the upper embankment layers are
compacted into position, the soil undergoes an increase in the major principal stress by
Aoy Itis assumed that the minor principal stresses 62 and o3 are kept constant while the
loading is increased (i.e. as the new layers are placed on the embankment).

With respect to a natural context, the process involves the dissipation of pore water
pressure, associated with seepage or the infiltration of precipitation. The pore pressure
in the soil element makes the effective mean stress p’ lower than the total mean stress p
while maintaining constant deviator stress. A reduced triaxial compression stress path
(RTC) is characterised as a low strength stress path. The recognition of low strength
zones within earth embankments is ignored probably because such paths are unable to be
simulated in standard triaxial cells. = Although the effects on the stability of the
embankment are questionable, it will be shown that the RTC stress path influences the
magnitude of the shear strength parameters ¢’ and ¢’ and thus affects the factor of safety
specified by the designer.

Fell et al (1992) undertook an investigation into the major causes of embankment failure.
The researcher attributed the failure of embankments to low strength stress conditions or
zones within the embankment and the incorrect design of drainage systems (drainage
filters).

It is accepted that Figure 2.8 represents just one natural application of pore pressure
dissipation, namely the infiltration of rainfall and subsequent seepage. Pore pressure
dissipation may also occur if there is a sudden lowering in the water table due to remedial
work after a blockage of the drainage system within the embankment.

In Figure 2.8 a typical natural application representative of the PL-RTC stress path is

shown.
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Infiltration of water
and secpage

Embankment \

Constant 6,
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Figure 2.8 Field application of PL-RTC stress path

The soil element is in equilibrium with respect to the initial stress conditions. The stress
changes in the soil element are characterised by a decrease in the minor principal stress
(Aos), while the major principal stress o) is kept constant. The soil element remains
confined by the soil mass, but as the pore pressure decreases and water passes through the
soil mass, the soil structure may change from a stiff matrix to a more plastic consistency.
In this case, it can be visualised that the bonds between the soil particles are ‘lubricated’
by the infiltration of water. Stability (especially of the side of the embankment) will be
affected by the reduction of pore water pressure combined with the subsequent seepage
action.

The following subsection investigates the behaviour and application of HC-TC-PL-CTC
and HC-TC-PL-RTC stress paths.

2.3.3 Hydrostatic Compression (HC) - Triaxial Compression (TC) - Proportional
Loading (PL) in conjunction with Conventional Triaxial Compression (CTC)
and Reduced Triaxial Compression (RTC)

This testing procedure is initiated from an isotropic stress condition to precondition the

soil to an assumed isotropic effective mean stress. The HC-TC-PL-CTC stress path

approaches the failure surface following a sequence of common stress paths. The stress
paths will be initiated from predetermined initial conditions of p’; on the effective mean
-18-
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stress axis. From these p’.; points the TC and PL stress paths will be propagated until
pre-selected stress points on the K, line (with K, = 0.50) are reached. The HC-TC-PL
stress paths are undertaken in a controlled ‘drained; or quasi-drained condition, while the
final CTC and RTC stress paths are initiated in an undrained condition, taken to failure.

In Figure 2.9(a), a combination of HC-TC-PL-CTC stress paths is schematically shown.

Failure Surface

Failure Surface

v

Deviator Stress q

5

_______ -
|

>

Effective Mean Stress p° Effective Mean Stress p’

Figure 2.9 (a) HC-TC-PL-CTC stress paths; (b) HC-TC-PL-RTC stress paths.

The hydrostatic compression (HC) stress path starts from a zero isotropic stress state in a
controlled ‘drained’ condition and follows the effective stress application in terms of the
g-p’ diagram until the pre-selected initial stress state (p’i) is reached. = These stress
points are equivalent to effective mean stresses 75 kPa, 200 kPa and 300 kPa on the

effective mean stress (p’) axis.

The triaxial compression (TC) stress path is a special case of triaxial compression (also in
a controlled ‘drained’ condition). In the TC stress path the applied stress is such that the
stress state always remains on an octahedral stress plane in principal stress space. By

definition, the octahedral stress is given as (Desai and Siriwardane, 1984):

Cot = (01 + 02 + 03)/3 (2.6)
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The octahedral stress equation is equivalent to the effective mean stress p’. In terms of
the Cambridge method (see equations 2.2), it is representative of the axisymetrical
situation O, = (01 + 203)/3. In the TC stress path o, or p’ remains constant during

loading.

The TC stress path is followed by a PL stress path (anisotropic loading path), which again
is programmed to follow the K, line to predetermined stress points. = The non-
conventional triaxial test is concluded with a conventional triaxial compression (CTC)

stress path in undrained condition, taken to failure.

In Figure 2.9(b) the schematic of the HC-TC-PL stress paths are shown exactly the same
as previously illustrated (see Figure 2.9(a)). However, instead of a CTC stress path a
RTC stress path concludes the test in undrained condition. Initiation of the RTC stress
path was taken from the same predetermined stress points as in the previous HC-TC-PL-
CTC tests.

2.3.4 Field application of HC-TC-PL-CTC and HC-TC-PL-RTC stress paths

Selection of a suitable geotechnical application for such stress paths is difficult, but the
combination of such stress paths is realistically possible. Again, various stress paths of
mixed composure can simulate physical ‘man-made’ and natural interventions. The TC
stress path is generated from relatively large increases of deviator stress (q), which gives

rise to deformation due solely to shear straining in a particular compression plane.

Under varying axial and lateral loading conditions, elements of soil undergo different
paths of loading (stress paths). The combination of stress paths that a particular soil
element is subjected to in its short and long-term stress history is different in many
respects.

The stress conditions below or within embankments are complex and no stress path
combination occurring within such a structure is unique. In Figure 2.10 a schematic of a
field application, based on the Golillas Dam in Tasmania (Fell et al, 1992) is shown.
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Figure 2.10 Golillas Dam application representative of HC-TC-PL-CTC and HC-TC-PL-RTC stress
paths

The Golillas Dam consists of a reinforced concrete parapet wall at the crest of the dam,
which reduces the volume of rock fill needed during construction. The parapet wall is
anchored by post-tensioned tendons, which are embedded in the core of the dam. A
protective covering usually consisting of a concrete face slab is cast and impervious clay

layers placed underneath, as a security measure should the concrete ever crack.

The stress history of soil elements in positions X and Y (see Figure 2.10) may be
hypothetically represented by the simulation of HC-TC-PL-RTC and HC-TC-PL-CTC
paths in the laboratory.

The soil in pbsition Y is assumed to have isotropically consolidated to a particular
effective stress equilibrium. The post-tensioning of the tendons results in a relatively
large increase in deviator stress (shear stress) within soil elements in proximity to the
anchorage system. The triaxial compression (TC) stress path is generated from the shear
stresses and the initial effective mean pressure p’ remains constant. As the upper layers
are compacted by say, the construction of the deck super structure, the K, condition may
~ apply and the PL stress path follows on from the TC stress path. Normal soil response
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is then assumed to occur and the conventional triaxial compression (CTC) stress path is

generated in an undrained condition.

The soil element in the vicinity of position X undergoes similar HC-TC-PL stress paths in
the ‘drained’ condition. However, should the protective covering be damaged in the
vicinity of position X, the soil element will undergo the reduced triaxial compression
(RTC) stress path (which has already been discussed in Section 2.3.2).

The selected test material in all standard and non-conventional stress path investigations
was subjected to stress ‘preconditioning’, isotropically and anisotropically to enable a
simulation of a specific soil stress ‘history’. The following chapter focuses on the nature
of the test material and is essential to understanding the behavioural responses of the clay
material.
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CHAPTER 3

RESEARCH MATERIAL

3.1 Introduction

In Chapter 3, the test material used in this thesis is discussed. The selected material
formed part of the core material of Maguga Dam. The Maguga Dam is a dry core
rockfill dam situated in Swaziland on the Komati River, approximately 12 km south of
Piggs Peak. The core material was excavated from the dam basin and is of colluvial

origin.

The test specifications and procedures are taken from the geotechnical manuai of soil
laboratory testing (Head, Volumes 1 to 3, 1980 to 1986). At times, referral to the ASTM
book of standards (ASTM, 1982) is also xhade for comparative reasons that will be
discussed in Chapter 4, where the investigation itself is addressed.

In order to fully identify the type of material, the properties and soil behaviour of Maguga
clay, a geological review and soil mechanical tests were conducted. The soil mechanical
tests will illustrate the geotechnical properties that were attained and the difficulties that
were experienced throughout the test period. The classification tests will include a
grading analysis, the Atterberg limits and the Proctor compaction characteristics.
Consolidation of the clay was investigated in an oedometric analysis. The undrained
triaxial compression characteristics are not mentioned in this chapter, they will be
presented in Chapter 4. The geological review taken from Brink (1985) discusses the
pedological class in terms the degree of alteration of the parent material and the
emplacement of the erosional remﬁants as a result of colluvial processes. The geological ‘
review addresses certain material characteristics of the clay attributed to the colluvial

formation of the clay.

A summary of the geotechnical properties is presented and the relevant data listed at the
end of this chapter.
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3.2 Geological Classification of Maguga clay

The main criterion used for differentiating the geological groups is the degree of
alteration of the original parent material. The parent material may be a residual soil

formed by the weathering of the bedrock or a transported soil such as colluvium. The
| main process, through which this differentiation is achieved, is by thé movement of water
through the parent material. Colluvium is a term, which includes all soils on hill or
mountains slopes, which have moved down slope under the influence of gravity and

water action to form fine or coarse hillwash soils (Brink, 1985).

Maguga clay is a ferrallitic soil derived from sediment deposits of the Post-
Gondwanaland Period (Brink, 1985). Ferrallitic soil occurs in areas where the mean
rainfall is above 800mm, such as the case in Swaziland. The Maguga clay probably
developed from highly weathered transported soil (colluvium material). The fact that the
clay content was high (68%, see Section 3.3) and that the clay-coated quartz particles
consisted of various sizes suggests that the clay originated from residual igneous rock
such as granite. Igneous rock such as granite contains the mineral feldspar (often in
large quantities) as well as quartz particles. It is the weathering of mineral feldspar that
produces clay. The red colouration of the ferrallitic soil is derived from the mobilisatioﬁ

of iron oxides during weathering of the transported soil.
3.2.1 Properties of Ferrallitic Clays

The ferrallitic clays are of the 1:1 crystalline lattice type and are mainly red in colour due
to the lattice being mixed with quantitievs‘ of free iron oxides and occasionally with
aluminium oxides. The clay mineral is composed of strong ionic bonds, which result
from the electrostatic attraction between positive ions (silica tetrahed_rons-Si") and
negative ions (iron oxide-Fe” and aluminium oxide-Al). As a result of the strength of
these primary ionic bonds and the formation of a flocculated structure, these clays are
cpnsidered well suited to the construction of both cuts and fills. Ferrallitic clays are

neither expansive nor dispersive.
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3.3 Geotechnical Classification of Maguga Clay

The Maguga clay was chosen as the test material because it displayed typical and, at
times, interesting geotechnical characteristics. These characteristics are imperative to
understanding and mnterpreting facets of result analysis that are discussed in this chapter
as well as in Chapter 5.

3.3.1 Grading

The specifications for the grading analysis are BS1377:1975, Test B and BS1377:1975,
Test 7 D. The particle size analysis was conducted by Ninham Shand Geotechnical
Laboratories (2001).

In Figure 3.1, the grading curve of the Maguga clay is shown.  The particle size
distribution consisted of a clay component equal to 68% by mass, while silt and sand
components made up approximately 17% and 15% by mass, respectively.

I

Grading Analysis
CLAY | SILT SAND
% % %
68 17 15

Figure 3.1 Grain size distribution for Maguga clay
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4

The specifications for earth embankments in terms of particle size distn'lbution are rather
varied because of the diversity associated with the source bf the embankment, the
quantity and quality of the material available in the borrow area. The speciﬁcations
given by Australian authorities such as the Public Works Department of Western
Australia (PWD) suggést that a full grading envelope should be undertaken with 55% of
the material passing through the 0.075mm sieve (Fell et al, 1992). The Maguga clay
satisfied these requirements with approximately 80% of the test material passing through

the 0.075mm sieve.
3.3.2 Atterberg Limits

The specifications for the Atterberg limits analysis are BS1377: 1975, Test 2 B and
BS1377: 1975, Test 3. The procedures for the Atterberg limits undertaken in this

research work are shown in Appendix A-3.

The liquid limit test results are shown in Figure 3.2. According to the Casagrande test
method procedures, a liquid limit of 60.1% is determined. The plastic limit was found to
be approximately 36.9%. The difference in the liquid limit and the plastic limit is the
plasticity index value of 23.2.

In comparison with the liquid limit result attained from the cone penetrometer test, which
is a liquid limit equal to 78% '(van Koersveld, 2001), the difference was considerable.
On-site laboratory tests conducted in Swaziland attained a value of 60% for the liquid
limit (Komati Joint Ventures, 2000), which was in close agreement with the above-

mentioned Casagrande method result.

Referring to the specifications, the British standards as well as the ASTM specifications
(ASTM, 1982) regard the cone penetrometer as the standard prefen'ed method of
attaining the liquid limit. The Casagrande method of liquid limit analysis is now
regarded as a subsidiary method because the results appear not to be consistent and prone
to experimental errors. The cone penetrometer result was ignored, as it was felt that in
the above-referenced work too many discrepancies with regards to the method had

occurred.
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Figure 3.2 Atterberg limits for Maguga clay

The Atterberg limits identified the Maguga clay as clay of high plasticity with reference
to the plasticity chart. The researchers (Fell et al, 1992) specified an allowable range of
liquid limit and plasticity index by relating to the ‘A’ line on the plasticity chart for earth

embankment material. This relationship is shown in Figure 3.3.

PLASTICITY INDEX

0 N
Low L \HIGH\\\
\\\ H
. N
Ry MALMGA
CLAY
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\properties within
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0 J
L OH or MH
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Figure 3.3 Suitable Atterberg limits for embankments in terms of plasticity chart (Fell et al, 1992)
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The shaded area in Figure 3.3 represents the acceptable material properties for earth
embankments in terms of the Atterberg limits. The Maguga clay result falls in the high
plasticity range, however just outside the recommended shaded area. In fact the Maguga
test material should be addressed as a silt of high plasticity, but will remain classified as
Maguga clay for the remainder of the research work.

Specifications given by Australian authorities such as the Public Works Department of
Western Australia (PWD) (Fell et al, 1992) allow for a plasticity index value greater that
15, which in the case of Maguga clay is satisfied by the plasticity index value of 23.2.
All specifications tend to specify a minimum plasticity index and an upper bound for the
liquid limit, so that clays of high plasticity, which may be difficult to compact, are
identified in the borrow area.

3.3.3 Proctor Compaction

The specifications for the standard Proctor compaction method is BS1377:1975, Test 12.
The procedures, for the compaction test are shown in Appendix B-3.  The Proctor
compaction relationship of Maguga clay is shown in Figure 3.4.

Max. Dry Density [Optimum Moisture Content

(kg/m’) (%)
1430 _ 28.1

Figure 3.4 Proctor compaction relationship for Maguga clay
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The Proctor compaction curve consisted of a flat, double-peak curve (the second peak
defined by moisture content of approximately 32%). Referring to Figure 3.4, maximum
dry density-optimum water content test results were 1430 kg/m”® and 28.1%, respectively.
The main objective of core material compaction within an embankment is to provide a
stable, impermeable soil structure. The engineering properties of clay can be
manipulated by means of the density so that desired improvements to the clay behaviour
are achieved. At this stage it appeared that the density of Maguga clay was improved
due to its firm, waxy and low compressible soil structure (this impression will be
confirmed in the triaxial tests of Maguga clay to be discussed in Chapter 5).

The requirement for the maximum dry density ratio of > 98% is reasonable and attainable
with the moisture content range shown in Figure 3.4. For dams to be constructed in wet
climates (annual rainfall greater than 800 mm), such as Swaziland, it would not be
unreasonable to lower the density ratio to 95%, provided compaction was carried out
above the optimum water content (Fell et al, 1992). Lowering the required maximum
dry density and compacting the clay at wetter moisture contents would alleviate
_ compaction difficulties with regards to stiff, low compressible clays such as Maguga
clay. Compaction consistency was difficult to attain during the compaction test as well
as in the sample preparation for the triaxial tests. The double-peaked compaction curve
confirms that such a lower density condition could be applied. It should also be noted
that if the 95% density ratio is used and the water content is under the optimum water
content, this would not be acceptable because the soil structure would be permeable.

In an earth dam, proper compaction improves the shear strength of the soil; thereby
further enhancing stability of the structure. The ingress of water within the core of an
earth dam is reduced with correct compaction methods. A soil with low permeability is
less likely to absorb water, as the water ingress will be retarded by the stiff, waxy soil
structure.

The dry density-moisture relationship that is established by the standard Proctor
compaction test provides necessary data for the simulation of conditions that are likely to

-29.



Research Materjal

be achieved in the field. =~ The compaction characteristics attained in the laboratory are
also applied in other test methods to determine engineering properties such as the shear
strength and compressibility.

3.3.4 Consolidation

The specification for the consolidation analysis, used for this research work, is ASTM: D
2435-80. The procedures for the consolidation test undertaken for this research work are
shown in Appendix C-3.

In Table 3.1, the summarised consolidation test results of the Maguga clay are shown.
The pressures of the various load steps are 50 kPa, 250 kPa, S00 kPa and 1200 kPa, while
the unloading pressures are 500 kPa, 250 kPa and 50 kPa respectively. The zero kPa-
unloading step is not shown, as a discrepancy in the final amount of settlement was
observed. The coefficient of consolidation (c,) results are determined as 0.85 to 1.49
m?/year and the derived coefficient of permeability (k) results are between
7.81 x 10° m/s and 4.13 x 10° mys.

Pressure{Settiement| Voids m, E, teo Cy Coefﬁcient of
Ratio Permeability
(kPa) (mm) (m¥MN)| (MN/m?® | (min) [(m?fyean)] (mis)
0 0.000 0.878 0 0 0 0 0
50 0.084 0.870 0.09 11.11 27.04 1.49 4.13E-08

250 0.445 0.825 0.12 8.33 36.00 1.09 3.32E-08
S00 0.619 0.764 0.14 7.14 37.21 1.03 1.21E-08
1200 0.989 0.666 0.08 12.50 43.56 0.85 7.81E-09
500 -0.130 0.679 * * * *
250 -0.096 0.688 * ¢ * *

S0 -0.259 0.691 * * * *

Table 3.1 Summary of consolidation test results for Maguga clay

The clay displayed the characteristics that were expected from the previous soil
mechanical tests. The range of coefficient values (m, and c,) described the Maguga clay
as a material of low compressibility and high plasticity (Head, 1980).
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The derived coefficient of permeability for the one-dimensional consolidation test
showed that the Maguga clay has a low permeability. The permeability of Maguga clay
could be seen to decrease as the loading was incrementally increased. The permeability
results highlight the attributes of Maguga clay as suitable material for embankment

structures.

3.4 Summary

The geological and geotechnical characterisation of the Maguga clay highlights the
suitability of the red, slightly silty-sandy, low permeable clay to be used as material in an
embankment. The main characteristic that is of concern is with regards to the potential
low compressibility of the Maguga clay. = The compaction effort with respect to
achieving the maximum dry density was difficult to attain at optimum moisture content
of 28.1%. It is suggested that placement of potentially low compressible clay in the field
may be difficult with regards to attaining optimum compaction density. This problem is
overcome in the field by compacting the clay on the wet side (optimum water content
+4%) at 95% density ratio (as mentioned before) to facilitate easier installation of the
material and also on the choice of compaction machinery to be used.

Consolidation tests are also conducted with the objective that all consolidation
characteristics of Maguga clay are attained and the results applied to the formulation of

\

critical state parameters in Chapter 6.

A summary of the soil properties of Maguga clay, as obtained from the laboratory
experiments, is presented in Table 3.2.

Soil Property Unit
Particle Range mm 0.002t0 3
Plasticity Index - 232
Specific Gravity - 2.7
Optimum Moisture Content} % 281
Maximum Dry Density | kg/m’ 1430
Compressibility - Low
Permeability m/s 4.10°t0 8.10°

Table 3.2 Soil properties of Maguga clay
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CHAPTER 4

TRIAXIAL TEST PROCEDURES AND TEST PROGRAM
4.1 Introduction

The investigation of the undrained triaxial test procedures and test program of Maguga
clay is presented in Chapter 4. The clay samples are subjected to triaxial compression
tests in a specialised triaxial test system, starting at selected effective mean pressures.

The investigation in the triaxial device involved testing procedures that consisted of
following conventional and non-conventional stress paths. Conventional stress path
testing is conducted on both, remoulded and undisturbed clay specimens, while
remoulded samples are used for the non-conventional tests. Conventional triaxial tests
are initiated from selected isotropic stress points defined on the effective mean stress
axis, namely 75 kPa, 200 kPa and 500 kPa. The test results of the conventional triaxial
testing are discussed in the first section of Chapter 5, followed by the non-conventional

test responses.

The non-conventional stress path tests are conducted in a sequence of common stress
path types as described in Chapter 2. Non-conventional stress paths are initiated from
anisotropically defined stress points of effective mean stress of 125 kPa, 250 kPa and 350
kPa. These stress points were positioned on the K, line (with K, = 0.50).

Many common stress paths can be simulated in the laboratory, however, the prerequisites
for efficient and competent stress path testing is a sound understanding of stress path
theory. Additionally, the experimenter must be well familiar with the specifications and
the control philosophy of the stress path devicee  The specifications and control
philosophy is the subject of this chapter.

Conventional triaxial testing is conducted in accordance with the ASTM specifications
(ASTM: D 2850-82). Currently, there are no specifications available for non-
conventional stress path testing in specialised triaxial testing devices.
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The test samples are of the dimensions of 38mm in diameter and approximately 77mm in
height. The samples are prepared at the optimum moisture content of 28.1% at a target
maximum dry density of 1460kg/m>.  All samples are prepared within 1% of the

abovementioned specimen parameters so that sample consistency is maintained.

4.2 Triaxial Test Program

In total, twenty-one triaxial tests were undertaken at various effective mean stresses in
terms of either isotropic or anisotropic loading conditions.  Six conventional tests were
undertaken with remoulded and undisturbed clay samples. The following fifteen tests
were non-conventional stress path tests comprising of remoulded samples only. The

complete test program with a short description of the stress path acronyms is listed in

Table 4.1.

Note: * effective mean stress on K, line

Table 4.1 Summary of triaxial test program

. |[Effective Mean| Initial Dry
Test Description Drainage| Sample Stress Density
‘ kPa kg/m®
CONVENTIONAL STRESS PATHS .

Isotropic consolidation, compression undrained| remouided 75 1454
(CTC) undrained| remoulded 200 1451

, undrained| remouided | 500 1466

Isotropic consolidation, compression undrainedjundisturbed 75 1470
(CTC) undrainedjundisturbed 200 1419
undrainedjundisturbed} 500 1473

NON-CONVENTIONAL STRESS PATHS

Anisotropic consolidation, compression |undrained|remoulided 125 * 1459
(PL-CTC) undrained| remoulded 250 * 1468

K, = 0.50 Jundrained| remoulded 350 * 1471

Anisotropic consolidation, constant q path {undrained{ remoulded 125 * 1461
(PL-RTC) undrained} remoulded 250 * 1466

K, = 0.50 Jundrained] remoulded 350 * 1464

Constant p' path, anisotropic consolidation, jundrainedj remouided 75 1471
compression undrained] remoulded 200 1462
(HC-TC-PL-CTC) K,=0.50 jundrained} remouided 300 1460

Constant p’ path, anisotropic consolidation, jundrained| remoulded 75 1462
Constant q path undrained| remoulded 200 1454
(HC-TC-PL-RTC) K= 0.50 {undrained| remoulded 300 1466

Constant p’ path, anisotropic consolidation, Jundrained} remoulded 75 1462
compression undrained| remoulded 200 1454
(HC-TC-PL-CTC) K,= 0.75 Jundrained| remoulded 300 1466
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The sensitivity 1o controling the non-conventional stress parh tests was always
probicmatic. A loss of contzol at ligh pressures (1¢ pressures greater than 450 kPa)
resaleed in rapid fariure of the test sample  [fmanual intervention was at the precise time
that control was lost test the test sample could be salvaged.  Due to these reasans, it was
deeided to reduce the effective mean stress of 500 kPa 1o 300 kPa or 350 kPa for the non-

conventional stress path tests.

The tollowing subsecuens describe the stress path triaxial test system, the software for
contrel and an example of the ‘command’ stages, which wece followed during the HC-

[C-PL-CTC stress path test

4.3 The Computer-contrelled Stress Path Triaxial Device

The computer-contiolied stress path device consists of a Bishop and Wesley triaxal cell
and a computer control package {TRIAX). The triaxial cell and the software TRIAX are
discussed 1n the following sub-sections and form an essential component with regard to

the contrel philosophy of the stress parh device

4.3.1 Bishop-Wesley Triaxial Svstem

The Bishop-Westey trraxial system 15 a hydraulically loaded triaxial cetl. The system is
basically divided mito two parts  The upper part consisting of the cell top with the

perspex cetl wall and a lower secrion comprising of the hyvdraulic ram

The upper sectuon of the triaxial system (cell top with perspex cell wall) consists of the
load plunder and the vertical displacement transducers.  The test sample is placed into
posiion on the pedestal, the cell top svstem secured and the cell [illed wirh de-aired
water. The lead plunger 5 screwed down into position and the displacement transducer
15 set at the 1nthal starhng position.  The whole top assembly with the specimen moves
relative to the iower section on the application of strain- er stress-contrelled loading
Vertical displacement 1s measured by means of vertical extension rods pushing agatnst
the displacement transducer attached to the lower ram section.  The measurement of

applied load 15 taken from a submersible load celi that 15 posittened n the plunger
-34-
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The lower sam section is counected 1¢ the sample pedeszl  The pedestal base has a
number of drarage taps, which lead 10 high accurucy pressure sransducers that measure
cell-, buck- and pore-water pressures.  The convered analegue to digital readings from
these pressare lranscucers is recorded by the data acqmisition svstem.  The lower section
the ram chamber) contuns the pressunsing chamber of the triaxial device. The Jower
ram assemily moves vertically when the lower chamber i5 pressursed. Twa hellofram
seals secure the pressurised water in the lower chamiber  The region hetween the

cellofram seals, inciuding the linear bearings, is open 0 the atmosphere.  In Figure 4] a
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Figure 4.1 Schematic diagram of the Bishop-Wesley triaxial cell (Head, 1986)
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4.3.2 'I'viaxial Software Package (TRIAX) and Control Philosophy

In 1982, the Impenal College m [.ondon developed a computerised tniax:al svstem, which
wllowed the propagaton of conventional and non-conventional stress paths to be
undertaken n a controlled manmner, 50 that m-site condittons could be simulated
accurately,  This system 15 the first verston of the traxial testing svstem (TRIAX) with
the addition of the Bishop-Wesley cell.  The computer-controiled stress path device
enabled triax:al testing to be taken 10 the utmost of s dimensional stress space

4 Py I 0y 1 o
[hee i R

In order to demonstrate the flexible control philosophy associated with the computer-
comtrolled stress path dewvice, the understanding of the capabilities of TRIAX is
necessary,  The control philosophy is complex and is best explained 1n terms of the stage
procedures assoclated with a non-conventional stress path test The hydrostatic
compréssion  (HC), taxial compression (TC), proportional loading (PL) and
conventional tnaxial compression (CTC) stress path operanion 1s discussed

Conirol 15 undertaken m a number of stages. Each stage consists of four pressure boxes,
namely, the back pressure. cell pressure, ram pressure and constant rate of strain. Al
boxes consist of respective control parameters and vanous rates of pressure application,
which are decided upon by the experimenter  The control parameters or rates contamed
in the boxes can be changed al any stage of the testing peniod at the expeninenter's

diseration

The stages can be man:pulated either manually or automancally  Once the TRIAX
sortware packaze 15 familiar to the expenmenter, automatic control can be adopted,
although certain valves still need 10 be openad and closed between certain test phases
Automau: changcover from one stage 10 the next s govemed by predetermined alarms,
which trigger stages that are to follow or stop the test stage if control :n one of the boxes
15 lost.  If the test 15 left to run overmight, then a mulutude of alarms can be specified that

apply 1o different conditions.
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The flexiblity of automaric centrol 15 at the vser 5 discrehon F:xz'!_:r;‘_' 4. 215 acopy o1 the
screen displays compnosing of the stage set-up and contral parameters necessary o

conduel the HC-TC-PL-CTC stress nath resr s shown

4.5.2a) Saturaton

Ibe contral equation for backpressure (BOX 1) 18 simply siven by the varable “back’
(see Migure 4.2} A hold value of 300 kPPa (back==300) is stpulated for the backnressure
and 15 ncremented at 15 pulses  Electronic pulses are senecrated from stepner motors
that are housed n external electronic units.  One pulse :s equivalenr te appreximatels
k['a, s 15 pulses would represent a pressure of 1€ 5 kPa.  Incrementanon adjusts the
hold valae with respect to nme bv linear mampulation.  As mcrement value of 15 would
mean that there 1s a pressure incrementation of 10 5 per mimule, until the pressure reaches
the specified hold value (300 kPa). A wlerance value of 0.5 kPa keeps the hold value
between certain limits. If the acrual pressure falls outside the tolerance value, the system
automatically increases or decreases the pressures by manipulatne the pulse rate unti! the
desired hold value is reached

By maintuning a lew pulse [or the back pressure (BOX | ) and the cell pressure (BOX 2)
wa impanant conswderanons are met Firstly, a slow rate meens that the saturation staye
15 comtrolled over a longer ime penod, which 15 essential to achieve [00% saturation
'he awr lacked in the sample 15 mven a longer time in which to dissolve into the water
Secondly, by contrelling the pulse rate or increment rate of the back pressure hox, the
pulse rate of the cell pressure hox s indmrectly contrialled and allows for adjustment ar
manageable levels.  The second consideratian s an imponant control mechanism when
tarpening the projected pressures for von-convenuonal stress paths, requiring the

simulianenus operation of the three pressure boxes

I'he contrel equanon tor BOX 2 {cel] pressure) s given as “cell” in effective terms and set
to an effective cell stress of 10 kPa. Mamtaining the cel! pressure at 10 kPa higher than

the back pressure ensured that samnle stabilitv was sustained  An increment value of ¢

would mean that thera 1s no pressure ingrementation and the pressure s maintained at the

i
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Figure 4.2 eontinued. ..
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4.5.2{b} Isotropic Consolidation (HC stress path)

Isotropic consclidation compnses of siage 2 of the stress path testing, which 1s set at

selected effective smesses (75 kPa, 200 xPa and 300 kPa for the shown test).  The back

pressure 15 adjusted manually te 300 kPa from an externat back pressure system with the
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valve moa closed positon. The back pressure 1s adjusted to 300 kPu because the
saturation s@ge resulted in high back pressures (300 kPa to 700 kPa), wlhich had to be
lowered so thar the selected effective mean stress could be achieved. The cell pressure is
incrementally mereased to the required elfective cell stress (cell’)  When the requnred
effective cell stress was reached {73 kPa) the alarm 1s triggered and a WAIT command is
initiated  Once the buck pressure valve 15 opaned the sotropic consolidaton stage is
minated. Volume changes as well as imibal and [inal pore water pressure measirements
are recorded at the relevant ume intervals during the wotropic consolidation stage. The
Isotropic consohdanon stage s completed once the pore water pressure stabilises and

there are no longer any volume chanaes

4.3.2(c) Constant Mean Stress p’ (T'C stress path)

The hold values for BOX 1 and BOX 2 s predetermined (see consolidanon stage) and
controlled within the tolerance values while an mecrease of deviator stress (BOX 33 ook
place. BOX 1 (back pressure) s kept at a higher pulse rate in companson to the other
boxes. By ensuring that the back pressure box remains the “dominant’ pressure, the test
stage 1s managed such that the back pressure box wall always mamntain its target pressure.
The ram pressure (BOX 3) 1s wiven a pulse rate of 1€ kPa per hour, which s equivalent to
a slow rate of strain

I'he alarm s 1minated once the K.-line corresponding to sig3’zigl" =0.50 15 reached
The action to be taken 15 represenied by a WAIT comymand  As the tester became more

competent with the test procedure this was changed to a WAIT-TRIGGER command,
4.3.2{d) Anisotropic Consolidation (PL stress path)

When the K.-ltne had been atained, the test sample could now be considered to be under
in-situ stress cond:tions.  Anisotropic consolidation within the tnaxial device enables the

pore water pressure to be dissipated under load application in conjunction with conditions

of lateral restraint
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Amisotropie consolidation (under stress-controlled conditions) comprise of stage 4 in the
tesl  Basically, there are only twe wavs of followmng the PL stress path {amsotropie
consolidation). The first method involves adopling & procedure for controlling the radial
straia using ram pressure (BOX 3)  Asihe UCT swress path tnaxial device has no radal
stramn gauge, this method 1s ignored.  The second method was adopted und consisted of

setting the control parameter for BOX 3 10 *q " and incrementing il a1 a certam pulse rate

Phe lateral restraint of the test sample 13 managed by way of keeping the cell pressure
(BOX 2] constant,  Since the cell pressure o'y o1 :1237 15 the vanahle, which directly
mfucnces changes n the requirement of K, {(o'va’; =0 %01 a rearrangement of the
cquation 1s neecded  The equation 15 rearrrazed 5o thal ' 15 the dosminant vanable o the
equation and s ndependent of all other vanables The new equauon 3 {sip3")

030%z1217) =0 To satsty thes equation the hold value of BOX 2 15 ser to 75 kPa, so
that the control system could adjust BOX 2 as the test progresses along the K., line,
When an effective mean stress (p') value of |29 kPa iy reached. the alarm set in stage 4 is

stipulated and a WAIT action s followed

4.3.21e) Undrained Application of Load (strain-conirolled CTC stress path)

I'ne final stage of the non-conventional stress path test (stage 5) involves the shearing of
the sample under stran-controlled conditions.  The designated rate of load application is
an important cansideration an wnaxial tesung The incrementanon for constant strain
pressure (BOX 4) 15 vet at TN/hr at a pulse rate of 7 units.  BOX 2 (cell pressure) is sct at
the hold value, which 1s attained ar the end of the PL siress path (stage 4)  ‘The alarm
that i5 asstgned to stage S s a STOP command, winch 13 initiated when the axial strain 18

greater than 129 (strain>=[12)

With a thorough undersianding of the control philosophy. the simulation of, in principle,
any maxial sress path can be conducted n the laboratory. It should be noted that a few
of the triaxial tests were difficult 10 control, but as the expenmenter became more aware

ol the fundamentals involved 10 stress path propagation, the control method improved
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Although many textbooks discuss the control of tnaxial tests 1 terms of theory and

methods, it was ftelt thar there was a lack of or very Iittie informauon s provided

regarding the speaific rates w apply to a particular stress path.  The specific rates that are
ipplied are those, which in genemal practice, con al tnaxtal compression
tesung  Conventional rates of stramn that are sugpested by Toll (1993) by means o
vanous relationships did not fulfifl the requirements for sensitive, sophisticated testing

A arzat amount of expenimenier discretion and patence s needead

The non-conventtonal stress paths are foilowed by means of coordinated pressure
increments that are expenmentally changed at particular effective mean stress potnts in
the ‘est By means of pressure mampulation, a comect rate of stram was found

expertmentally and rthe remaining stress path tests were then completed at this new rate

4.4 Preparvation and Installation of Test Specimen

The undisturbed specimens of Maguua clay were extracted from a 3Rmm diameter
cutting tube that was pressed into an undisturbed block of ciay, The cutting ube was
pressed 100mm deep into the block at a rate of 2mm per minute by means of a Zwick
umiversal resting machine, The slow rate ensured that any disturbance of the specimen
due to the cutung process was kept at a mimmum. The extracted samples were tnmmed

2aafied by

to approximately 77mm 1n accordance with the height-Ziameter ratio 2°1 as 5§

ASTM D28350-82

All remoulded tesr samples were prepared by the method of moist imping  Moast
amping 15 a convenlent and practical procedure io remould test samples. A sufficrent
amount of Maguea clay was air<dnred. The dry material was then mixed wirh a small
amount of warer to the optmum maoisture content (28% + 0.2%) and left to hydrate for
about 48 hours before tamping commenced The amount of morst matenal was weighed
5o that the desired moist density corresponding to a prearranaged volume (8. 73x107 m')
could be achieved The Maguua clay samples were tamped into the equipment mould in
three equal-mass layers.  The lower layvers were slightlvy under-compacted such that the

compaction trom successive layers would produce a sample of unitorm density when
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F

preparenion was completed.  Lavers that were not compacied properly produced argas of

weakness ia the sample The test samples disolaving icconsistert compaction, were

r2'ected stom th seqarch wark

[he 1ersior Y Y Cry - A C - J—

L = - -~ b 3 - w Ll Gy AL L L Qi B B R - LR — Lk
at wer 1 Iy tor testne were placed ie an airhshe ag and placed 10 a storage
i N 5 1 1 1 ¢ sample wss ococurred waen the relevarnt test

sample was removed from the (ndze. The approonate =3t sample was mourted or: the

-
[

T

desial in e triaxial cell ard a soizal tilter paper side-drain was carefully placed arourd
the sample.  The spiral side-drair was slishtly wetted to enhance the drainage etficiency
of the sambple. A double latex membrang and o-rines were placed in posinon and e celi
was filled with de-aired water (0 Figure 4.3 a fisliy prepared sample in the traxal cell iy

shiown

[oad call

displacement rad

cEl
clav th zpral
ol

Fivure 4.3 Prepared sampie in the traxial ovdi
4.5 Triaxial Srave Discussions
4.5.1 Satration

The Mamuoa clay mitaliy required 18 to 22 hours Sor 98% sgmraton o be achieved

This was not seusfactory and the prolonued per:od of saturation produced a pheramenan
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that 1 termed ‘undrained creep’ (Head, 1986),  This type of creep only occurs when the

sample 1s kepl under pressure wath the dramage valve closed for a lons period (such as

overnight for instance).  In this period the ‘locked-in’ pore waler pressure Increases
pradually resulting in an increase of the coefficiet B The saturation period was

improved by Lhe placemem of spiral filter side-drains around the sample.  Side-drains are
particularly cffeclive of the test matenal permeability 1s less than about 10" m's  The
dramss taciitate a more rapid equahsation of pore pressure by providing a shorter radul
drainage path Fhe saturation tarpet of 98% was now reached m approxmately 12

hours

The saturation of the Maguga clay was arlained by incrcasing the back pressure in
constant increments. The cell prossure was mereased incrementally (o ascertam the pore
water pressure response of the clay (backh pressure was closed).  From these meremental
slages ol pressute ergsses a pore water coefficient B was ascertamed using the

equation.
B - Auw/Acy (41)
The major advantage i using the incremental increasc of back pressure s that ar that 1s

trapped n the voids, between the membrane and the sample, in the cell and mn the

dramuage hnes 15 forced o solution (at abowt 300 kPa) under apphed pressure  In the

ase of an undramned test, wir s removed from the sample. which improves the response
tmse of the pore pressure readings.  Once the 98% saturation wark (B = 1.0) was reached

the maxal cell was closed m readiness for the next stage — consolidation

4.5.2 Consolidation

Dsetrapic Consolidation

The consolidanon stage 15 the phase of traxial testing wherehy excess pore pressure,
present ot the sample, s dissipated with nme In this rescarch series the rate of

consalidation was improved by placing spura] filter side-drains around the sumple.  The
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side-drams shortened the dissipation of the excess pore pressure with respect to time by

provading drainage m the rudui direction (e shortenme of the drainage path)

It Frizure 4.4 the dramace conditions that cccurred m the verbical and radial dwection

durning the consoldation stage 15
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Figure 4.4 Drainage conditions during isotropic consalidation

Ing

I'he consohdation stape 15 intiated by setting, the back pressure to a hold value of 30UkPa

in the stage editor.  The back pressure valve still remained closed up to this point in the
test The cell pressure 15 then mcrementally adjusted (either decreased or mcreased) to
accommadate the desired effective stress The back pressure wvalve 15 opened und

comsulidation 5 allowed to continue unmtd at least 90% of the excess pore pressure s

dissipatedd The consohdiation phase s deemed to he complete when there were no

further buck pressure volume chunges and the pore pressure remamed constanr at 300k Pa
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Anisutrapic Consalidation

I'he anisorropic consolidation phase consisis olagpiving an axial load (10 increments) 1o
the sample duning consobidanon  In thus tvpe of consolidalion stage the load and ceil
pressure are apphed in order w mamiain a constant mhbo of the horweontal and verical
principal effective stresses (o' Va’,) equal 10 K, the coefficient of eanth pressure at rest

The Kq conditzon apphes to the consolidation in-:1u of a wide stratum of soil, such as an

garth embankment under 115 own weighi The K, condiion reprasents a state of no

lateral miovement by the sotl n the centre of an embankment (as discussed in Secoon
In Figure 4.5 the minal stréss condinon after saturanon and the drairage induced

s ik ML |
2.3.2),

dunng an anisotropic consolidation phase is schemancally shown,
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Figure 4.5 Inirial stress state and drainage during anisotropic consolidation
4.5.53 Application of 1.oad

Onlv undramed traxial tests were conducted 1n the laboratory.  Undratned tests allow no
movement of water through the sample (te. no volumetrie changes)  The shearng phase

al the wiaxial test can be eiher stress-controlled or stramn-controlled.  Stress-control,

-
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which 5 generally not available in standard tnaxial testinz, was used for the stress
precondilioning stages such as the proportional loading (PL} and the constanr elfecive
mean stress p’ {TC) stress paths The flexinlny of stress-contral allowed the
expermmenter a cortam depree of experimental contral, wlich was not the case n stran-
control  Stress-conirolled aperation was undertaken for the TC and PL stress path tests,

while stram-control was mplemented in the CTC and RTC stress path tests

Undruined application of load

[t was decuded that since the samplke was the minmum size specified n ASTM
specifications, the rate should be decded upon accordmg 10 1the soill matenal
charactersstics and the judpment of the experimenter.  Rales 1hat were specilied lrom
arious relationships by Toll (1993) were ntally found 10 be too fast for the clayey 1est
malerial.  The rate was found experimentally and accepted at 000668 mm/min (stram-
controlled). At this rate the samples reached ultimate shear fadure wm approximalely 8
hours The attributes of the spiral filter side-drams were again emphasised by the fact
that they provided no addiional support to the fallng sample. herce no correction factor

was necded

In Figure 4.6 a typical Mavuea clay speoimen at fallure m undramed compression 18

shown

harrel-shaped sample
at falure

Fisore 4.6 Typical representation of undrained compression
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4.6 Inmiation of Test Staces

The irmanor of the test staves commenced when a step-byv-step procedure had been
followed  This procedure consisted of expenimental checks and command checks of the
I'RIAX solware  The testing started once certain critena had been satsfed I'he

crizera were a5 firl losas

STEP i: Placement of sample mn the tinaxial cell and the filling of the cell with de-aired

waler cosure that mos? air Dupbies arc removed rom nswde e cell
warati v mnidine the bubhies throveh the hleeding nlisoe hesl to coe that
carefully punding the bubbies through the bleeding plugs L heck o scc that

here are no leakages and that the pressure supply holds at a constant level

STEP 2. The furclion keys on the kevhoard control all commands of TRIAX The first
command o be pressed s SHIFT FS (Yraxvial fritialive) This command asks
the user ifheishe 15 sansfied with the calculated tables and provides an eption to
deiete oradd anv calculation vanables, Check 1o see that the right vanables are
digplaved.

STEP 3 Imitiate F2 (Disk Ohe e and FA (Scan OO, These commands enable the

L a

user 1o make avtomalic or manual readings a: spealic tme intervals and recards
them i a file that is specified and named by the user  Check 1o see if they are
an by pressing CONTROL F5 (Device List) By no mearns should the scan and
disc commands he switched off at any time in Lhe testing penod. If one of these

commarnds is ofl then step 2 must be repeated.

STEP 4: Keset the current cell, back, displacement and load measurements by pressing

F7 (Heser) so that a reference poin: of measuremens: is establ:shed, Check zhat

L€ DCCesHary dalum measur2menils

STEP 3. Check that zhe correet contro: equations, holé values, pulse rates and alarms are

i the correct control boxes by pressing SHIFT F7 (Srage Ser). The stage edilor




Triacial Tesl Procedures and Tost Progpm

will automatically ¢heck 1o see that the comrect varnubles huve been entered once

the user 15 sansfied with a paricular stage editor

STEP 6 Switch the pnnter on by pressing Fl (Prinfer On0ff) and star: the test F9
(Contral On 4.  Check thar nitia! measurements have been recorded  The

ploting of graphs Fé6 (Mot On Q) can be switched on at any ume of the

STEP 7 On completon of testing, the results can be converted to a compatible format by
pressing CONTROL F9 (Tabwlare Calcularions) The computer then follows o
sequence whearahy the sample properties (height, [eneth, diameter, drv density
und specihic gravity) are asked for.  On completion of the sample properties, the

TRIAX progrim will inform the user to save the data 1o a recognisahle [ormart

9.



Truocial Resules, Anulvses and Discyssions

CHAPITERS
TRIAXIAL RESULTS, ANALYSES AND DISCUSSTONS

5.1 Introduction

All conventroral and nor-conventional triaxmal stress path resolts are presented m
Chapter 5 Conventional (CTC) tests were conducted on “undisturbed’ and remoulded
Maguga clay under undrained conditions, while only remoulded test samples were used
in the noo-conventional tests The non-conventional triaxza: stress path tests consist of

both drained and undrained conditons The drammed application 15 undermaken 1o

tacilitate the application of a stress “history’

A companson 13 made between “undisturbed’ and remoulded conventional triaxial
compression tests. The objecuve 15 to compare the undrained stress-strain-strenath
behaviour of ‘undisturbed” and remoulded samples. The resulis of the conventional
naxial compression tests will later (in Chapier 6) be implemented in the cvaluation of

the ¢ritical state model parameters

Further, non-conventional tnaxial 1est resuits were assessed to mvestigate the soil
behaviour due to a combinanon of common stress paths that couid be experienced in the
field  The combinauon of smulated stress paths were composed of loading and
unfoading paths to demonstrate that remoulded sumpies for laboratory tesung are
mfluenced by the stress “history’ that the so1l structure 15 subjected to.  The analvsis of
the stability of dam embankments (as well as other geotechnical applications) does not

take wecount of stress paths in a non-conventional context.

The mm of Chapier 5 15 o highlight the stress-stramn-strength charactenstics of the
triaxsal test resuits and cmphasisc their diversity as a result of the induced stress path
The resuits and the observations are conciuded in a summary at the end of Chapter 5
The resuits, ebservations and comparisons are presented in terms of the Mohr-Coulomb

shear strength parameters ard stress-stran relattonships,
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5.2 Remoulded and Undisturbed Shear Response and Discussion

5.2.1 CTC Undrained Stress Path (remoulded)

In Figure 51, the conventional (CTC) stress path results of remoulded Magsuga clay
specinens are shown i terms of deviator siress (¢)-elfective mean stress ('), deviator
stress (q)-axial stram {8.ua) and pore water pressure (u)-axial stram (B,ua) diagrams
tested ot eftective stresses of 75 kPa, 200 kl%a and 500 kI>a  The Mohs-Coulomb shear

strength paremeters, denved from the fallure surface (as shown) are caleulared usine 1he

conversion equations (2.3) in Chapter 2

Reternng 1o Figure 5 1{a), from the stress path response of the conventional triaxial test
the shear streneth parameters ¢ 279% and ¢ — 10.0 kPa are calculated  The -p°
relationships demonstrate normally consolidated behaviour, except for the (est resulty at

an elfective stress of 75 kPa

The g-p’ response of the test consolidated at 75 kPa 1s atributed to either a local fnlure

within the soul structure or simply demonstrates an interesting property associaled wath

the Cambindge Stress Plot method  “T'he ‘roughly’ constant p path attamed in the 75 kPa
result (shown in Tigure 5 1(a)) 15 by definition of the Cambridze method charactensed by
a 501l with elastic properties (Head, 1986). Normally consolidated. elastic soil behaviour
1s assocated with a constant p’ stress path in the g-p’ dhagram. ‘Theconventonal (CTCO)
tnaxial resulls provide an insight with resards 1o Maguga clay behaviour in low [ressure

-

ranees (the 75 KPa consolidated Lest was not repeated due to program constraints)

The importance of soil structure consistency (i.e compactien effort) 15 primarily the
reason jor the behavioural characlenstics that are attained o remoulded soil lests  The
T e L oo e . g I he mtbiod ol cammaet on dhat 14

compaclion €iciency 15 m turn affcctied by the method ol compacnon 1ID4at 15 usced o
produce the test samples (Hoeg et al, 2000)  ‘The response canducted on remoulded
Maguea clay with the iowesl mitial effective mean stress (75 kPa) 15 not expected and

could also be attnbuted 10 mconsistent compaction efficieney af the soil structue duting

the preparaton of the sample.

a'\




In Figure 3 1(b), the tests with an effective mean swress of 200 kPa and 500 kPa gave
similar and  consistent siress-strain responses howing  tvmeal duchile behaviour
associated with so1l matenal of high plasticity. ‘The test consolidated at 78 kl'a displaved

a clearly debned peak at a deviatenc stress of 80 kPa at approximately 0 4% axial strain

\n msizgmiticant weakening of deviator stress then followed the peak strengsh, which, 1n
vas tollowed bv a slivhl merease towards a residual strenatk of 75 kPa Azam thss
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Figure 51 CTC stress path results of remoabled Magsuea clav

Pore pressuse using effective stress methods 15 a entical issue of stability analvsis for dam

embankments It 15 relalvely easv Lo monilur pore pressures 1 an embankment and
ympare these pressures 1o Lthose attainad in convenuonal maxial tesis. In Fioure 3 1(ch

the pore water pressure-axal strain relanonship for the 75 kP2, 200 %Pa and 500 kPa
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effective mean stresses are shown. Al three tests displaved an asymptonical approach 1o

an "undefined’ peak with a sl:aht decrease thercatter

5. 2.2 07TC Undrained Steress Parh (unilisturvbed)

fn Figure 52 the conventional (C1'C) stress path results of undisturbed Maguon clay
specimens are shown in terms of deviator stress (g)-cffective mean siress (p'), deviator
siress (g)-axid. strain (2.gm) and pore waler pressure (u)-axial strasn (e,.0) diagrams,
lesled at effecuve siresses 735 kPa, 200 kPa and 500 kPa.  The Mohe-Coulom® shear

strength parameters are also shown

In Figure 52(a) the g-p° relationships again demonstraic a nomally consolidated

behaviour of the undisturbed clay
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Figure 5.2 CTC stresy puth results of undisturbed Maguga clay
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Triaxial Resnlts, Analvaes aod [hiscussions

The tests woere stopped at [0% and 12% axial stramn, respectively {assuming that falure
was achieved)  The shear strength parameters {using equation 2 31, resulied i shear

parameters of &' = 29 8% and " = 151 kPa for the undisturbed ¢lay matenal.

Referring 10 Fugure 5 2(b), the response of all the tests (s very consistent. The deviator
stress-axial stracn relationships approach a peak devrator stress {which decrease abrupty

once the contral function of the stress path device s switched off).

The pore water pressure-axial slrain relatonship 15 shown in Figure 5.2(¢).  The pore
waler pressure for the undisturbed (CTC) tests peak at relatively low sinun levels and

then decreases once peak falure conditions are satisfied.

In Table 3.1, the imnal and final properties of the remoulded and undisturbed samples lor

the conventional triaxial tests are listed.

Inilial Freperies Final Properies

EHective !Moisture Cry ° Vaid |Maisture, Dry Waid
Tes Cescdplion Mean StTESSi content | density ratio | content - density ratic
(kPa)_ | (%) [(kNm7y (%) kNim) '
; 73 | 27D 1454 087 i 228 | 1461 0,85
CTC (remoulded) 200 . 281 1451 0,87 331 | 1459 0,85
500 © 280 1468 0,85 08 1473 0,84
File 328 1370 0,98 K F 1455 0,91
-STC {undisturbed 200 i SRR 1418 .90 326 14734 0.8g
500 e 1374 Q.97 354 1466 0,85

Table 3.1 CTC siress path: lnitial and final properies of cemoulded and wndisturbed samnples

The inmal water contents of the remoulded rest samples were prepared at optumum
maisture caontent (OMC = 28 1%), while the undisturbed test samples had an ininal water
conlent of 33 8% (OMC + &%), The nilial doy densmes of the remoulded samples are
propared within 1% of the larget maximum dry density of 1460 keim” The initial dry
densities of the undisturbed samples are all lowser than those of the temoualded maxumum
dry densities. The final dry densities ofall remoulded samples subjected to conventional
and non-conventwonal traxial tests (see Tables 3.1 to 5.3) demonstrate a tendency to

appreach densities at fallure chametenized by a voud ratio of approximately 0.85

-5



5,25 U1 Stress path: Discussions and comparisons of remoulded and undisturbed

Maguea clay

ke analvails of the lone-term stability of dam ermbankmenis s underzken usine effective

stress mechocs te Getermine 47 and ¢ I'he reasoming behiné using etfective stress
methods 5 based on the fact that strera:h pa s 2an me cearee
e Dr ded T1axia med cut correct e e pore c .
) ted reasonably accura I'he efecuve sirass mes 1llows t t
ssessmant of rhe embankmen th regards -o the facror of safer

[he

imizial moisture content of the undisturbed samples 5 8% highar than those of the

remoulded sampies  The undrained suength of compacted clav 3 dependent on the

colmpaction censity and the moisture (water) content.  As can be seen from | igure .3,

clay with water content .ower than the optimum warter content shows a sutfer sol

Y

ure raspense, which causes 1he seil ro peak at an early strair {see Sample No, 1 and

)
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Figure 5.5 Dependence of undrained strenpth of compucted cluy on compaction density wnd water

contenl [Lambe and Whitman, 1979




Tnewaal Besuls Avalvses and Discussions

The q-faaa test results on remoulded matenal peaked at an early swain and then
progressed in the vicinity of stress-strain curve of Sample No. 3 (representing opumum
water conlent conditions). The stress-strain curves of the remounlded test samples were
too poor to make any conclusions relative to the optimum moisture content (see Figure
5.1).  lowever, the undisturbed g-g.6. test resulis show a clear tendency 10 peak at a
greater stiain (approximately 10% to 12%)  The undistubed test results are suilably
represenied by the stiess-strain curve of Sample No 4 (OMC + 1%3).  The (iiference
(OMC © 5%) berween the initial water content of the undisturbed samples (33 8% =
OMC - 6%) and that, which 18 shown mn Figure 53 (OMC + 1%), reinforces the

possibility of another “peak’ on the compaction curve (refer to Clragrter 3).

The shear strength parameters of the undisturbed clay material are 2° and about 5 kPa
higher than those attamed o the remoulded CTC test results. The response of the
utcisturbed clay could be attributed to the stiff sotl siructure of the matenal (properties
that are discugsed in Chaprer 3}, The internal so1l structure of the clay thus clearly plays
an important part m the behavioural response of the ¢lay.  The void ratio changes and
changes in water content that occur dunng the vanous tnaxial stapes {(1e. saturation and
ssotropic consohdation) represent different soil struclure delormations at a particulale

level

[he peak devialor stress results of the undisturbed clay are higher than those of the
remoulded 1csis.  The difference 1s considerable m the 75 kPa and 200 kPa effective
mean stiess lesls  The peak deviaior stress of Lhe undisturbed clay 15 up 10 59% higher
than those n the remoulded tests  The difference i deviatoric stress influences the
magnitude ol the Mohr-Coulomb shear strength parameters ¢ and ¢ and therefore the

[actor of safety (FS) for the emmbankment

The factor of safety for an embankment (in terms of deviaror stress) 15 based upon the
deviator stress attained in the tnaxial tests over the calculated working deviator stress of
the embankment (Factor of Safety (FS) = quuna/qe).  The factor of safety would then be
meorporated into formultalions, which are based on the parameters " and ¢° (1.e lan ¢y —
o (' /FSyand o — ¢/ T'S)

=80



esuits, Ananses amd Discrssions

The pore water pressure results from horh corventonal tnaxial compression (CTC) senes
arg sialar. The only difference that couid be noted 15 the faer that the peak pore
pressure condition (s reached at a agher stuon in the remoulded test samples because of
the less suff nature of the sou structure The application of loading onto the remoulded
sample probahly resulted in a redistnbutton of the load within the sotl structure itseif
Tre mual void ratio 15 higher i Lhe remoulded soil structure, hence a butid-up of excess
pure pressure could be readily “dissipated’ through the sample  The stff, undisturbed
clay {with a bigher imtial water content and lower void ratio) could not redisteibute the
pore pressure ubout the same peak pore water pressure, hence the bulld-up of pore water

pressure was observed at a low strain

3.3 hon-conventional Stress Parh Resulis and Discussions

Since all non-conventional stress path triaxial tests followed or joined up with the K, state
of stress, the knowledge of the coefficienl at rest is a prerequisite of these tests (us

discussed 1 Section 2.3.1)

I'he appropriate choice of the value for the K, coefficient fer the remoulded Mapusga clay
i an envisaged embankmenl was a difficult one.  According Lo Head (1986), a value of
08 to 1.2 for a hightly, overconsolidated clay and 0.7 for remoulded clay 1s suggested.
Wood (19%0) stated that a sotl that is composed of riaid, interlocked particles that could
support s ewn weight without pushing sideways and thus preventing lateral moverent,
such a sull would be expected to huve a low value of K, Using Jaky's (1944)
expression (see equation 2.5 i Chaprer 2) and the angle of wnternal friction (') of 27.6°
aftained from the remoulded, convennonal naxial test (CTC) save a K, coefficient of
approsamately 050 [t 1s fele this to he a more representative vaiue than the one

supgested by Head (1986)

5.3.1 1IC-TC-PL-RTC Stress Path

In Figure 5 4 the hydrostatic compression {HC), triaxial compression (TC). proportional

loading (PL) und reduced tniaxial compressicn (RTC) stress path results of remoulded

i
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speciunens are shown m terms of deviator siress (g)-effective mean stress (p°). deviator
stress (ql-axial siram (z.q.) and pore water pressure (u)-axial stram (5,ua) diacrams
tested at effecuve siresses 73 k%, 200 kP’ and 300 kPa. The Mohe-Coulomb shear

strengtlh parameters (fom conversion equatien (2.3) in Chaprer 23 are also shown

The deviator stress-elfecuve mean stress relatonsh:p for the non-convennonal HC.TC.
PL-RTC stress path is shown m Figure 5 4(a) The reduced maxial compresston (RTC)

stress paths are iminated at elfective mean stresses 123 kPa, 250 kPa and 350 kPa locared

on the Ky = 050 line.  The converted shear sirength parameters save §' = 29 8 and
¢" = 13 5 kPa for the HC-TC-PI.-RTC stress parh test of the remoulded material
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Figure 34 HC-TC-PL-R1C stress puth results of remonlded Maguga clay
I Froure 5 4{b) the deviator stress-axial strain relavtonship 15 shown This non-

conventional stress path test reached findure conditnions rupidly once the reduced triaxal




ession (R1C) stress path was imitared and never reached the sei ‘cut-off axial

irmn mark of 102

As can be secn m Figure 5. 4(b), the stress-straimn relationships peahed at a low axiul
stren, which s followed by an msignilicant weakening of deviator stress [he

remoulded stress-strain relattonship reflected the behaviour of a stiff materal

Refernng to Figure S 4(c). the porc water pressure-axial strain relationship 15 shown
[he smooth pore water pressure curves from previous conventional tests cannot he

s non-conventional stress path test. The pore water pressure 15 forced 1o

obhserved in
stay constant while ) and o are mampulated following the tnaxizl compression (TC)
and proportional loading (PL) stress path applicaton, hence the respective pore waler
response as shown, A rapid drop in pore water pressure 1s observed 45 soon as the RTC
puth 15 imoaled. This sudden drop was 10 be expected by defimtion ol the RTC path and
preceded into the negative pore pressure region.  The pore water pressure then increased

nsinuficantly when the test samples approached farlure

£.3.2 HC-TC-PL-RTC Stress path: Discussion and comparison with previous test

results

The hydrostatic compression (HC) stress path is discussed n ths section of the research
work (und neglected 1 the conventionul section) as it forms a necessary part of the

precondittoning” phase of non-conventional stress path tests

I'he non-conventional HC-TC-PL-RTC stress path test resulied m shear strength
parameters, which are very similar o the sheur purameters that were attaimned in the C1C
tress path test of undisturbed clav materia The shear strenpgth similanty mauy be
sttributed to the stress precondiioning (i e the controlled “drained” HC-TC-PL stress

appheations), which was applied to the remoulded test samples.  The application of the

HC-TC-PL stress paths clearlv changed the soil structure of the remoulded clay to 2

structure of a “stffer” nalure




Trimaal Resulis, Analvses and Discussions

I'he deviator stress-axaal strain relationships of Figurc 5 4(b) show the peak deviator
stress charactenstics, which 1s generally associated with stiff material behaviour  The
gradient ol the dewviator stress-axial strain relationships show for all three tests. the same
change in gradient.  The gradient of the q-t.,i. curves are steep during the TC stress path
application and decrcase shightly once the PL stress path s initiated.  This iy an
indication of the remoulded material changing from a stiff soif structure te a more plastic
structure (1 e a change in the stiffhess of the test sample).  The chanae in stiffaess 1s not
only attnibuted te structural differences, but also affected by the drainage conditions (1.¢
controfled "dramed” or undrained conditions) as well as the combination of apphied stress
The fact that the RTC and CTC pressure systems differ in many aspects (such as stress
path direction and the rate of loading/unloading application) also has an effect on the
stiffness of the test samples.  The changes n stiffness resulted in the peak deviator stress
response of all three HC-TC-PI-RTC tests to be approximately 30% lower than that,

which was attained in the conventional (C'['C) stress paths of undisturbed samples

The tailure of the samples cccurred rapidly with the R'TC steess path initation from the
selected stress pomis on the K, line. The rapid failure of the sample 1s also accompanied
by a rapid decrease in pore water pressure (see Figure S 4(c))  The pore water response
decreased considerably until negative pore pressures were observed  ‘The pore wate
pressure scenario 1s best described by a schematic i Figure 5.5, to demonstrate what is

happemng to the pore water pressure in terms of soil structure stability,
Referting to Figure 5.5, the stress conditions before the initiation of the reduced maxial
compression (RTC) stress path are such that the pore water pressure 15 at equilibrium
with the siress applications and the currenl application of leading on the PL siress palh
The *before’ stress condition i1s such that:
ag= o'y FAg' ) )—(c"+F .:\U"i}
and

p =(a - Ag'y) - 2(a’s - Aa's} 3

-60-



Gmaxaal Besults, Analvses and Dhseussions

with K. — Acs AAs’ = 050 therefore As’) = 22Aa”:, which means that &) 15 incrcascd
by Ac’.and o’ is increased by Ac’: while the pore water pressure (u) remains constant

according to TRIAX control (a5 shown sn Fraure 3 4(b)).

CURKENT STRESS CONIDILON on K, LING CONSTANT LOAD

- —_—
Dicercase A’ Drecrease Am'y
- [ —_—

REFORE RTC Stress Path Initiaton AFTER RTC Stress Path Tnibiation

Figure 3.5 Svhemalie representation of pore waler pressure before and alter initiation of R1TC stress

path

Alter the imnation of the reduced tnaxial compression (RTC) stress path, the confining
pressure & 15 decreased mcrementally, while the deviator stress 15 kept constanl. The

slress condition after nuliation 15 such that:

q— o'y with Ac’ =10, while @5 15 decreased by Ac’; and there 13 a rapsd drop in pore

water pressure, Au = [ {sec Figure 5 4{c)).

The sl stnucture counteracts the decrease i confining pressure (o3} by constricting the
sample (the sample tries o ‘pull or keep sell logether’). The pore water pressure wilthin
the soil structure counteracts the imbalance of stress and tries to reach a new cquilibrium
wilh regards (o the new stress conditions, while the loading apphication is kept constant
The rapid drop of the pore water pressure at the onset of the R'TC stress path also has an

ellect on the stillness of the test samples.

In reality, the lower embankment layers during inmial construction consist of soi thal 15

usually heavily over-consolidated and has negative pore water pressure. As additional
6] -



Tmaseal Mesalts, Amalvses and Disonssons

lavers are placed, the loading on lower ermbankment lavers will produce an increase in

pore water prassuve. resuling in posibve pore pressures.

533 HNC-TC-PL-CTC Siress Path

In Figure 5 & the hydrostatic compression (HO), triaxial compression (TC), proportional
loadimg (PL} and conventional tnaxial compression (CTC) stress path results of
remoulded Magupa clay are shown i temmy of deviator stress (g)-eftective mean stress
{p’). deviator slress (gl-axial stmn (80} and pore sater pressure (u)-axial stram {Eaqa)
diagrams, tested at effcctive mean stresses of 75 kPa, 200 kPa and 300 kPa The Mohr-

Coulomb shesr strength parameters are also given
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Figure 5.6 IC-TC-PL-CTC stress puth results of remonlded Maguera clay
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“nexcsl Resulis, Anabeses and 1hscussions

The hyvdrostatic compression (HC) stress path (1sotropic compression) again formed the
[ocal pount for 1ns stress path investigation. The Maguga clay 15 subyjected to the same
controlled “drained’ HC-TC-PL stress path that was followed i the preceding non-
cottventional stress path test.  Amisotropie consolidation along the K. = 0 50 hae (PL
stress path) was followed by a conventional (CTC) stress path thal was taken to failure in

undrained condition

In Figure 3 6fa), the deviator stress-effective mean stress relationship 15 shown As
mentioned before, the conuventional (CTC) stress paths were tmniated at ellective mean
stresses on the K, line, namely 125 kPa, 250 kPa and 350 kPa_ respectively.  The shear
strength parameters are ¢’ = 254 and ¢’ — 28 5 kPa for the non-convennonal (HC-TC-

PL-RTC) stress path tests on remoalded clay specimiens

Referting 10 Figure 5 6(h), the deviator stress-axial straim relationships are shown  The
stress preconditioning by the various common stress paths, namely the controlled
‘drained’ HC-TC-PL stress paths preduced a response characiensed by soff soil
behaviour  This non-conventional test was taken 1o failure and stopped al the preset 10%
axial stram mark. The decrcase mm devialone stress alier fadure was as a result of the

stress path device bemng switched off and can be disregarded
In Fipure 5.6{c), the pore water pressurc-axial strain relationships ate shown,  The pore
water pressure curves are representative of fallure conditions defined by peak deviatone

sitesses.  The undrained pore pressure response is typical for the remoulded test samples

I'he initial and final soil properties of the non-conventional (HC-1C-P1L-C1C) and (11C-

TC-P1-RTC) stress paths are lisied o Table 5 2

-1
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e 5 T B S B L L

Initial Properties Final Properties
Effective Moisture Oy Wi fnisture Ciry boyoid TR
Test Descrption |Mean Stress content  densify ratia content  density ' ratic (%)
Pay ) RN (%) (kNim?) |7
HC-TS-PLCTC 125 278 1471 0,84 . 330 1431 . D82 1086
{remauided’ et e b 1462 D& i 322 1471 084 @ 7.79
- 350 ' 278 | 1460  DEB | I8 1473 | 084 743
HZ-TC-PL-RTC s ;278 1461 Y L St (1A 14688 : 384 | 545
{remuouldad) 250 CAv s 1453 oBT . 315 1466 085 . 765
i 250 . 278 14B4 085 @ 8 1478 082 0 487

Table 3.2 HC-TC-PT-CT and HC-TC-PE-RTO stress path: Tnitial and final properties of

remoulded samples

As o the previous test senes, consistensy of the remoulded, tmaxial compression tests
was mamtained throughout the testing period by ensunng <hat the utal sample
propentses such as densiy, moisiure content and compaction effort were withun 1% of the
required values. The wrget values being the maximum dry density of 1460 kg.fm] atan
opamum moisture content of 28.1% and a sample height of 77 0mm to mantan a
consiztent volume.  Considerable care has been laken 1o ensure that no loss or gamn of

molsture content oceurred prior to the testing penod.

S.34 HC-TC-PL-CFC Stress path: Discussicn and eomparisen with previcus

test resulis

The nen-conventional (HC-TC-PL-CTC} stress path  test consisted  of  stress
precondmtiening to firstly achieve the scicctod stress points on the Ky line (where
K, = 050} and to induce a stress ‘history’ onto the test sample soil structuce nself  The
response of the remoulded Magugza clay in this non-conventional testis simular 1o thal,
which was observed 1 the preceding non-conventional (HO-TC-PL-RTC) stress path
test.  The suft stress-sirain relationship can agamm be scen in Figure 3.6(b}  The
aradients of the TC-PE-CTC stress path applications are steeper than those that were
observed 1n the HC-TC-PE-RTC stress path test and all have the a smooth, constanl

aradient.
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The steeper gradients illnustrate that these non-conventional 1es1 samples were suffer in
compartson to the previous non-comventhional stress path test, hence the fower volumetric
strams (compare Table 52).  The stiff sml structure opposed the velumenic suaining

alfects ol the sample duning the application of the stress states

‘There 15 a 4,47 deerease in the friction anele (§7) and an everall merease of approximatels
I3 0 kPa in the coliesion (¢') when compared with the shear parameters of the preceding
HC-TC-PL-RTC stress path test.  In companson wath the shear strength parameters of
the convennional (CTC) rests of remoulded clay, the remoulded HC-TC-PL-CTC shea
strength parameters o and ¢ were 2.5 lower and |8 3 kPa lugher, respectively.  This
diflerence 15 attributed 10 the sequential stress “history” that the sotl is subjected 1. The
siress “hislory' does aflect the enhancerment of the shear strensth by particle

rearransaments withun the soil structure

Geannyg the tact in nund thal the response from remoulded clav is influenced by the stress
lstory that s snnulated, another non-conventional (FBC-TC-21-C 1CY siress path 1est was
conducted to investigate the effect of a change in the I, coefficient.  The test was
undertaken wlong the K, lme — 075 In Figuwre 3.7 the non-conventional (HC-TC-PI -

CTC) stress paths tested at K, = 0. 5C and 075 arc shown

///"
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Deviaton Stress q [kKPa)

Cewvnator Stiess q (kPa)
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i & DT 55 IR W SND MER #8340 N
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Elfectve Maan Stress P (kPa) Effective Mean Stress p' (kPa)

Figure 5.7 LHICTC-PL-C1C siress path resulty for K, = 050 and .75

The Mohr-Coulomb shear sirength paramecters ef the non-conventional (11C-TC-Pl.-

CTC) stress path (with K, =0 75)arc 0’ = 27 1% and ¢" = 23 8 kP, respectively, ‘The

- 5-
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remoulded test sumples are prepared ot the same density and moisture contents as i

previous stress path tests, so that experimental consistency 15 maintained,

The HC-TC-PL-C'U'C stress path resubts (with K, = 0.75) indcate futle change in the
cohesion intercept, but therc 15 a 1.7% merease m the angle of internal foicon, The
higher coefitcient of lateral strain (at rest) resulted 1o higher deviator stress conditions at
the failure surface.  The remoulded soil samples coutd accommaodate higher deviatoric
siresses bocause the soil structure i stdfened due o the preconditioned streys state, hence

the higher angte of internal friction.

53.3.5 PL-RTC Stress Path

In Figure 53, the proportional loading (PL) and reduced tnaxml compression (RTC)
stress path results are shown 1n terms of deviator stress {gl-effective mean stress {p'),
deviator stress (ql-axial stram (g,.) and pore water pressure (ul-axial stain (Saia)

diagrams.  The Mohr-Coulomb shear strength parameters are also given

Thas stress pah test investisates the stress-stramn-strength relationship of 2 sample
witially loaded following a controlted ‘drained’ PL. stress path and then tagen to the
failure by way of a R1C stress path m undrammed condition.  The PL. stress path s
programmed to follow the K. = 0.50 linc by applying amsotropic compression to the test
sample  The remoulded rest samples arc subjected to axial toading white lateral restraine

15 maintalned.

In TFigure 5.8(a) the devialor stress-eficclive mean stress rclationships for the non-
conventional (PL-R1C) stress paths are shown,  The shear strength parameters are
evafuated as. o7 = 26.6% and ¢’ = 18 1 kPa for the non-conventionat {(PL-RTC) stress path
tests of remoulded clay material.  The reduced triaxial compression (RTC) stress path 1s

anain minated et selected effective mean stresses, namely 125 kPa, 250 kPa and 350 kPa.

The deviator stress-axial stran relationship 15 shown in Figure 5 8(b). As was the case n

the previous HC-TC-PL-R'IC stress path test, the peak deviatone stresses occurmed at the

i
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selected imuaton stress points on the K, line, at low axial stam. There was a significant

decrease in devialor stress as the failure surface was approached

| B
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Devialor Stress g (kPa)
Deviator Stress q (kPa)

L] " [
= I ] & b [ S S

EHactive Moan Gtress p° (kP a) Axial Strain (%)

v 2 4 A £ [
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pore water pressure u (kKPaj
s
i

Axial Strain i)

Figure 5.3 PL-K1C stress palh results of remoulided Maguga clay

In this non-conventional stress path test the response of the remoulded 1est samplcs was
surprising once the stress path device was swatched off (al approximately 0% strain)
There was a continned application of loading aller the stress path device was swatched
off, which is artributed to the release of particular stresses that were locked within Lhe soil

structure dnnng the controlled “drained’ P stress path apphication

Referring 10 Figure 5 8(c), the pore water pressure-axial stramn relanonship showed
sunilar tendencics as were observed in the HO-TC-PL-RTC siress path test. The pore
water pressure 15 constant unti] the mitiaton of the REC path.  Upon inenation, the pore

waler pressure of all fests dropped rapudly towards the zero pore water pressure Tine,

AT
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The increase m pore water pressuie after the siress path deviee was switched off 15 apain

atterbuted 1o the release of locked-in preconditioning atress,

The imnitial and final properties of the non-conventional (PL-RTC) stress path 1ests are

shown in Table 5.3

5.3.6 PL-RTC Stress path: Discussion and comparison with previous test results

Thes part of the mvestizanon has {ocused on the imtiation of the reduced tnaxal
compression [R'TC)Y siress paths from two perspectives In comparnng the non-
conventicnal (HC-TC-PL-RTCY and (PL-RTC) stress  path  fest resulls,  stress
preconditioning of remoulded Maguga clav does affect the shear strength and pore water
responses  The Mohr-Coulomb shear strength parameters for the PL-RTC test were
A = 3.2% lowerand Ac” — 4.6 kPa higher than those expenenced in the HC-TC-PL-RTC
stress path test It scems that there 15 a greater atfect on the stress-strain-strenath
behaviour of remoulded samples 1f the combunations of stress paths are increased  The
more complex the preconditioned stress application {ic, more combinations of stress

paths), the stitfer the 5ol structure response.

The peak dewviatoric stresses comcided wilh the effective mean stresses 123 kPa, 250 kla
and 330 kPa {i.e. the initiation points of the BTC stress path)  The gradients of the
deviator stress-axial strain diapram were identical to the gradients that were attained

the HC-TC-PL-RTC stress path tests, cven though the stress “history” 15 different.

5.3.7 PL-CTC Siress Paih

In Figure 5.9 the proportional loading (PL) and conventional triaxial compression (CTC)
stress path results are shown in terms of devialor stress (g)-cffective mean stress (p'),
deviator stress {(glaxial strain {f.a) and pore water pressure (u-axial strain (2as)

diagrams.  The Mohr-Coulomb shear strenpth parameters are also given.

In Figure 5.9(a} the deviator stress-effective mean stress relaucnships are shown.  Thas
non-conventional stress path test consisted of follownye a proportional Joading (PL) stress

-8~
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path along the K, dine (wih K, — 0.50)  Convenlional (CTC) tests were undertaken
again al the same selected siress points on the K, hine with effective mean stress
p =125 kPa, 250 kPa and 350 kPa  The shear strength paramelers caleulated from the

conversion factors are ¢ = 258" and ¢ = 23,7 kPa, respectively,
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Figure 3.9 PL-CTC stress path results of remoulded Maguea clay

Relerrmg to the dewviator stress-axial stran relationship presented in Fipure 5.9(h), the
deviator stress responded m a completely different manner compared 10 the preceding
PL-RTC test. There1s a rapid nercase n the deviatonic stress as the conventional (CTC)
stress path is initiated up to pronounced pesk points.  Thereafler, 4 minor decrease of

devialonic siress was observed, which fapered off to a constant stress state condition.

The pore water pressure-axial strain response 15 shown in Figore 5%e).  The pore

pressure remained constantat 300 kPa, while the proportional loading path was followed,
B0
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On mmiation of the conventional fraxial compression (C'1C) stress paths, the typical

undramed pore water pressure responses wers chsprved.

The imtial and final properties of the non-conventonal (PL-RTC) and (PL-CTC) stress

path tests of the remoulded samples are listed in Table 5.3 for comparative purposes.

~ Initial Propertics : _ Final Properties
Effective Mpisture Dy Void Moisture|  Dry Yoid

Test Desciption [Mean Stress content  density ralic  content | density ratio | s
i {kPaj (%) (kN.fm°j| o (%) (kN/m™ {50
FL-ETC 125 27.8 1461 0.35 338 1468 0.85 §.84
remoulde) 250 27 8 1464 0.85 324 1465 0.85 719
380 27.8 1466 @85 ... 308 1477 0.84 4.48

FL-CTC 125 27.8 1459 0.8 338 1478 0.83 | 1067
remoulded) 250 278 1468 Q.85 32.4 1478 0.83 821
260 278 . 147 0.84 314 1483 g8 || 535

Table 5.3 Initial and final propertics of PL-RTC stress path and PL-CTC stress path

53.3.8 PL-CTC Siress path: Discossion and comparisen with previous test resulis

In a comparison of the PL-CTC test wath the conventional {C710) stress path lesls ol
samples (be it undisturbed or remoulded), these fests displaved shear strength
characieristics with a lower &' (27 1o 37 lower] and an increase in ¢’ (9 kPa 1o 14 kPa

merease)

The apparent vertical “jump’ of deviator stress, as shown m Figure 5 9(b), s attnbuted to
a possible condro! error associated with mmitiatien of the conventional triaxial compression

(CTC) stress path,
fu concluston, it appears that the PL-RTC and PL-CTC stress path tests reinforce the

hypothesis that the behaviour of Maguga clay 18 changed by stress application that 13

uitimartely artributed to the “preconditioning” of the remoulded soil structure.

0




5.4 Overview of stress path tests in terms of 37 and ¢

Stress

Teraxial eaicle, Analvaes and - hseussions

Stress 4’ [
Fath Fath Test Description [degrees) {kPa)
_Nr' iy =l
| 5
e O e gl e 27,8 10.0
13
2 —a HE-C TS 298 s
Y s HC-Tj:--F'.L 1RT:1{J
3 L, K, - an 29.8 135 |
B HE-TC-PLCTC 8 j
4 { K= 0500 25,4 w5 |
- FLATC @ !
5 - ey 26,5 181
= PL-CTC® i
&
6 2 (K, = 030 253 5
T HC-TC-PL-CTC @
K W g = = (K, = 0.75) 2 S <

Table 3.4 Shear strength parameters of Maguea clay subjected to varioas steess path tests
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CHAPTER 6

ANALYSIS OF RESULTS IN TERMS OF CRITICAL STATE MODEL

6.1 Brief Review of Critical State Model

In Chapter 6 the critical state analysis of the Maguga clay ts discussed. This chapter is
assessed by butlding on the cnitical state concept with reference to particular Cam Clay
concepts.  The critical state model s a powerful theorctical concept, which enables a
gualitative response of a so1l {from an application of loading) to be cxpressed m terms of

its specific volume and shear strength

Cohesive soils reach eritical state at steady eflective stress and constant volume
conditions  This regton of constant stress-volume 15 generated in clays at shear strains
greater than [0% (Atkinson, 1993 Atkinson (1993) proposed that sotl bonds are held
together by means of cohesive and frictional bonds; so cohesive and frictional bonds
accommadale the shear stresses that determine sol strength,  As the clay 13 loaded,
cohesive and frictiona] bonds are broken and reamangement of the particles within the
soi] structure takes place.  Malangraki and Toll (2000) extended the analogy by
sugpesting that only certain cohesive bonds are broken depending on the current stress
path that is followed.  As the stress path dircetion is changed, different fiictional bonds
restst the shearing stress unttl an ultimate or entical state 15 reached. At this ultimate
state. all {rictional bonds wathin the soil structure are broken.  Clays still exhibit some

shear strength that 15 attributed to plastic straining of the soll structure

The critical state concept 1s presented in two parts. The first part deals with analysing
the undisturbed triaxial compression test results, together with the consolidation results,
30 that crittcal state parameters can be computed.  An estimation of some of the critical

state sireneth parameters can also be computed using the Aterbers Hmis, which 1s given

B ek
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e thes thesis oniy For comparaiive ourpasas [he critical state strenath carameters,
caiculated from convennonal maaal raselts on undisturhed Maouoa clay, winl beised in
the second part of thus thes:s Lo examine the apelication of the ¢ritical stale model and

predict the response of the clav under anv given stress condition,

The crizicas state maode] fraliares a conceprual analvais and allows elemenry numencal
predict:ons of soif tehaviour The model provides a signiticant contnbution o allowing
the geotechnical enginesr w zchleve a better concecrual undarstanding ot the nature of

the probiem and the modes of bebaviour itkely to occur.

The criczeal smie concept 15 composed Tom observed resconses consisting of simple
relasonskips berwean the combinavons of effectuve stresses and speciiic volumes at
which cntieal siates are atauned.  The cnitical state ling {CSL) in the g-p” diagram and
the specific volume (v-effective mean stress (p') refanonship ottained from: ke

resnocHve s0n mechanical tests are shown in Figure 5.1

]

; =] I'.| \
: -1=.w\ _?x\

7 flog scaley

Figare 6.1 Critical state line and vp” relatioaship for soil mechanical tests (after Wood, 15990)
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I'he cntical state charactenstzcs (in Figure 6 1) are debfined by the following equartions

ge=Mxp's

(5.1}

e hxlnn's
where j':= the effective mean normal stress 4t fanlure
gr = the effective deviator siress at farlure

M = the ¢nitical state rano = AgrAp’'cor gradient of CSL :n g-p’ diagram

wy = the specific volume at failure
I" = the specifc volume of CSL atp” = | 0 kP2

A = the gradient of cnocal state line in vep” diagram

The normal compression fine (NCL Y and unloading-reloading line (URL), obtained from
the consalidanon test results are also shown in Figure 5 1 The NCL and URL lines are

defined by the following equations

where N —the specific volume of NCT.atp' = 1.0 kPa
= the gradient of normal compression bne in v-p’ diagram
¥ = the gradieni of unloading-reloading line 1n v-p' diagram

v = the specific volume of URL atp' = 1,0 kPa

6.2 Evaluation of Critical State Parameters using Undisturbed (CTC) Triaxial and
Consolidation Test Results

this section of the thes:s, the undisturbed (CTC) stress path results as well as the

consolidanion test results are analvsed and the cntical state parameiers M. T, 5. N and x

are evaluated  In Table 6.1 all the results of the tnaxial compression test (CTC) of

undisturbed Maguga clay attained at axial strain of 10% (1.e. at failure) are summuansed

P
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Sffective Mean:  p) Q. oax e 1w A 7
' Siress (kFa) (kPa) | (kPa) kFa) . %)

‘ (kPa) g KL es b

| 7o 1108 157 4 780 3211 37s | 181 1493
: 200 s 2403 © S0245 0 4052 348 129 183
l 500 2937 | 3833 ¢ 8ODS | 6379 324 0.85 1.85

Tuble 6.1 Undrained CTC stress path test results of nudisnirhed Maguga clay at faijure

6,21 Evalnation of critical stress ratio (M)

The failure values listed in Table 6.1 are ploited in the q-p’ diagram and the critical stress
ratio (M} of the cntical state hine (CSLY derived.  In Figure 6.2 the vadisturbed CTC
failure surface and “hest fit” crtical state line are shown.  The critical state line 13 drawn
through the origin because the cntical state theory assumes that a particular sotl exhibirs

no eohesive streneth at axial strans greater than 1 0%,

Fatlure surfuce

r ; __. i _\ ....... _: |“§= |j_'_.gg. _

L

- Ll - ;
: P G i i i
100, P4 tE3 1T WeTH M I 3 NS D
L kPR

Figure .2 Critical state fine and failure surface of CTC tests of undisturhed Maguga clay

The stress ratio M 15 equal o |39, which 15 eguivalent to a gritical angle of internal
motion {¢'.) equal o 34.4%  Thas represents a fnction angle, which is ¢lose to 57 higher
in comparison 1o the § adisores determined in the Mohr-Coulomb diagram (sec Section

522) The ¢ imeats vatue is even lower, namely 27.9° (sce Table 5.4



6.2.2 Evaluation of A, L', N and x parameters

Tke evaluanen of 2 can be anained trom either -he -naxial compression test results or

from the consohdatton test resulis.  Both methods of evaluation are underaken in this

sub-section

Critical State Line

In Figure 6 3, the plot of specific volume vessus In p' with the conventional triaxiul

compression (CTC) results of undisturbed Maguga clay 15 shown

s ; :
Fruure 6.3 represents the critical state line
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Figure 6.3 Critical state line derived from CTC triasial test of undisturbed Maguga clay

The cntical state parameter A 15 calculated from the CTC trniuxial test of undisturbed
Maguga clay 10 be equal to 0.14, while the specific volume intercept I at p” = 1 kPa is
equal to 2.09,  According to the theory, the slope of this critical state line as wel! as the

isotropic normal compression line is the same, 1e the slopes are equal o A

In comparison, there exists an empincal relatienship between the cnincal state parameter

A and plastic index of clay; which tukes cognmzance that clays of different plasticities

e
=T ls-
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have differeni values of compressibility A Atkinson ([993) proposed an approximate

refationship for remoulded clay as fullows:

Poaerherg = (P lasticity Index » Speaific Gravityy4e0 (©.3)

With a plastic index (PI) equal 1o 23 2 and the specific gravity () of Maguga clay equal
10 271 tsee Chapter 3), 8 & yiater, value of' 0.1 4 can be evaluated. The nlastic index is an
mportant matenal classification parameter, which will be implemented in the back-
prediction of the conventional tnaxial compression lest (see Section 6.4) to cstimate the

angle of internal triction of the clay marernal

MNovmal compression line

The specific volume-inp’ relationshup for the consohidation test of the rernoulded Masuga

¢lay wath loading and unleading curves 15 shown in Frgure 6.4

Spscihc Volume

Figure 6.4 v-In p° diagram with lpading {NCL} and wnloading-refoading (URL) corves of remoulded
Muaguga clay

The gradient of the leading curve (A) and unloading cusve (k) arc cqual to 013 and 0.03,

respectively,
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The representation of the consolidarion test results in terms of a v-lop” diagram generates
a line beneath the cneical staie ling as shown i Figure 65 This linear relationship
indicates an over-comsolidated line {OCL)  This line is not the i1sotropic normal

comprassion line

Sl WYrisme

4 it Bl e 0 pai

o [kFah

Figure 6.5 v-In p* diagram with critical state line (CSL} and over-conselidated line (OO L) curves of

remoulded Maguga clay

Isotropic Norm:al Compression Line

The critical state theory pesitions the isotropic normal compression line (NCL) above the
critical state line,  The vertical separation {{* - x) » in2} between the isotropic normal
compression line apd the critical state line (a3 shown in Flgure 66) can be
mathcmatically cxpressed by combimag the critical stare hoe and the normal
compression line 1n temms of the entical specific volume {vy,), Wood {1990) stated that
cach critical state combanation of .. and p'u 15 associated with a critical state

combination of v, and p',, 1n the nomal compression plane and can be written as;

Ve =17 - hxln '

where (&4}
T =N—(h-xxin?

In Figure 6.6 the isotropic agrmal compression line {NCL) and ¢ritical state ling (CSLYin

terms of a specific velume-lnp’ diagram 13 shown

.
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Spesite Vorme

VT (Critical State //‘T

E .
‘5{ """ Line
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'.1:_ ............................................. _
2 & R Eo e e [ o1y

Figure 6.6 w-In p* diagram with eritical state line (CS1) and isotropic nnrmal compression (NCL)

curves of rennulded Mazura clay
As m equation 6.2, the sotropic nommal compression line (NCL) 15 given by the
v=N-Axinp’. Thevalue of & and N are 0.14 and 2,77, respectively. This ts shown in

Fraure 6.6 using a different scale

A summary of the derrved critical state parameters is shown in Table 6.2

Critical State

| Parameter

]
| M i 1.9
' Lo 014
i r . 269
! N L 2TE
| b P03

Table 6.2 Summary of critical state parametery

The following section consests of the implementation of the crittcal state parameters and

mtroduces the concept of ‘normalising’ test resulrs.
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6.3 Normalising Triaxial Fest Results

The (raxtal test results are normabised so that a dimensionless represcniation
ircorporatng atl convennonal and nen-convenional triaxial compression tests ol

remouided Maguga clay can be shown on a singte umtisd diagram.

The g-and o'y values for the convennonal and non-conventional lniaxial compression tests
ol remoulded Maguga clay are shown in Figure 6.3, As shown, no matter what stress
path combimation was followsd or stress preconditioning expernienced, the failure points
of all stress paths investigared tend to fall close to or near the cnitieal state line given by

the stress ratio M cqual to 1,39,

It is helieved. as Parry (1938) also observed while testing London clay, that the different
srress states of Maguga clay were in fact sull in the process of ‘moving’ towards their
critical states when the tests wers terminatsd. When tnaxiat compressien tests ended to
the neht of the critical state line (1 ¢, normally consolidated clav material), then Lthe pore
pressures are chserved o be increasing at the end of the test and hence the effective mean
stress decreasss, 1e the etfscnve mean strass state of the clay moves to the left towards

the critical state lineg,
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Figure 6.7 Failure points of all undrained trinxial tests of vemondded Maguga clay
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Conversely, undraned tesis that cnded to the left of the concal stare ine (: e over-
comsoiidated clav matenal). resulted 1n the decrease of pore pressure at the end of the test
and hence the elfective mean stress increased  The eflecnve mean stress state of the ¢lay
moved to the neht towards the ¢nitical state ine. This typical response was ohserved and
discussed in the coaventiwonal and non-convertional toaxial compression tests of

remotlded Maguga clay (sce Chapier 3)

The criical state theory assumes that there 15 no cohesive strenicth associated wath clay ar
axial strains oreater than 10%, but 1t was of the expenmenters opinon that the cntical
state line would reflect the results more accuratelv 1f it were drawn as a curve (a3 shown

by the dashed curve in Fiaure 6.7).

The followang subseciion discusses the normalisation ol stresses that enables all stress

states in terns of ¢ and p' Lo be presenred n non-dimensional -7 stress space,

6.3.1 Untdrained cooventional and noen-conventignal triaxial compression tlesi

resuits of remoolded Magnga ¢lay in ooo-dimensional siress space

The stresses at falure, namely qr and pr can be nermaliscd with respect to either the
cquivalent critical pressure (p'.) or the equivalent consobdation pressure (p'.).  ihe
eguiviaient critical pressure (p'.d is gengrally artained from an overconschdated
compression line (OCL).  Atkinson {1993) stated that the overconsolidation ratio is an
imporant factor 1 deternimng soit behaviour, hence Atkinson normalized his test resulis
in terms of the equivatent enitical prossure (p'a). However, this method was 1znored and
the p.” approach was utilised, since this research work did not consider soil bebaviour in

terms of 2 overconschdation ratig,

As shown i Figure 6.8, the equivalent consolidation pressure (p's) is a projection of a

state of stress from the normal compression line onta the In p’ axis.

-21-
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The equivalent consolidation pressure {p'e) represents a specilic volume on the sotropic
normal compression line interpreted from the finad specific voifume of the conventional

triaxial samples of remoulded Maguea clay.

Lsatropic Normal

3 ii Critical Compression Line (NCL)
E"zﬁ. State Line . e
e “nop= LEF E s RV
L
1 z

Figure 6.8 Evaluation of equivalent consofidation pressure (p”,} from w-In p’ diagram

A final specific volume of approximately 185 was observed in the conventional triaxial
compression (CTC) tests of remonlded Maguga clay (see Chapter 33, Thus, the value of

e at a specific volume of 1.85 15 equal 1o 492 7 kPa, as shown in Figure 6.8

The stress parameters - and pr, representing different farlure conditions for all the non-
convenhoal triaxial tests of remoulded Masuga clay, are divtded by the equivalent
consolidation pressure (p'e = 4927 kPg) in order to nosmalise the siress parameters. The
peak states of stress and other states before critical state are different {1 ¢ the stress siates
of different stress paths are not unique). Normalisation simplifies the representation of
different states of stress by providing the same equivalent state afier the normalisation

DI ess.

All the triaxial compression rest results are now plotted 1 non-dimensional ¢-p” stress
space 25 shown in Figure 6.9 (see Appendices for the tabuylation of all tnaxial

compression test results).  The boundanes, which are defined by points N and €. contain



all the stress stare vield surtaces in dimensionless stress space and 15 represented by an
elliptical curve (e the shape was assumed from Cam clay assumptions) The
development of the eliipticar boundary surtace for Maguga clay, containing the points N

R . o R, iy L (I A L 4 1o
and (, 1s denved trom the Pollowing (Waood. 1990}

Pomt N (1: 0) and Pojat C (27" Mx2™)
where

A=A/ = (014003014 =0.785 and M = [ .38

Pomt N (1,0) corresponds to normal consolidation compression and point C (0.38:G.31)

corresponds to u point on the cnincal stale line yoverned by M equal to 1.32  The point
C 15 not at the apex of the curve because the eflecuve stress path associated witha CTC
tnaxial test m undrained condition does not have a zero slope (Gq/6p' = 0)atcrineal state,
which 15 a consequence of the elastic volumetric strains that are assumed 1o occur in the
critical state model [f there were no elastic volumetric strains, the sradient o
theunloading curve (x) would be cqual to zero and the sarmameter A would be equal 1o |

and the point C would then be at the summt of the elliptical curve

P T TR — _]
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Figure 6.9 Uniraincd triaxial compression tests plotted in non-dimensionul effective stress space
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The distinction between the dilatant (dry) side and the compressive {wet} side of critical
slate  determunes the charactenstics of the clay behaviour. Masuoa clav s
overconsolidated 1n the supercntical (dilatant) region and the clav particles must move
apart during the application of loading.  Maguga clay 13 normally consolidated in the
subcriical {uompressive) region.  in normally consobidated conditions the clay particles
are spacad apart and, on the appheation of leading move 1nle the neighbounng void

spaces.

The elliptical boundary surtace (defined by pommts N and O i Figure 9.7 contams all
possihle states of stress of remoulded Masuga clay. It bas been esiablished from
Chapter 5 that the Maguga clay responded difterently for each tvpe of stress path test that
was simulated, the behavioural differences bhemng attnbuted to the applied stress

conditions

The Maguga clay samples followed different vield (failure) surfaces, which did not reach
the criacal stare as Golure was reached al Jow adial sttains and the loading was
terminated. The position of the cntical state points associatzd with the failure surfaces

can be established, even though the loading was terminated before their critical stares.

6.4 Qualitative back-prediciion af stress-steain behayviour of ¥agupa clay

A rzliahle prediction of soil behaviour can be attained using a vast assortment of models,
gach with (15 own assumptlions and theoretically defined parameters,  Advanced models
may ba ton sophisticated fur the degree of application needzd; hence this research work

tfocuszed on critical state theory and assumptions.
The acceptance of a common eritical state line permits an assessment to be made of the

expzcted soil response of any triaxal compression test on a sotl with any consolidacon

history.
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[he steps invoived in the back-pred:ction are as {ollows

STEP 1) The positon of the crimcal state l'ne as govermned by the stress ratio M 15
attained lromn the conventional tnaxial test results where M s equal to | 39,
[f no trraxial compressian tests are avatlable, then the stress ratio M can be
assumed using the following equantions assembled by Mitchell (1976) and
adapted ny Woaod (1990). The intemal angle of triction can be described by

the eguation

sin ¢ =035 -0 1«In({plasticity index) (6 6)

Talong the plastic index of 23 2 (see Chaprer 3) and subsututing mto the above equation
gives an approximate angle of [nction equal to 29 7°  An estmated critical stress ratio

o LV

rond agreement with the ‘rezl stress ratio M

M approximately equal to 1.19. wi

{with M =1 .39)

=
i

STEP 2) Compute the total stress paths starting from the preselected stress points
73 kPa, 200 %Pa and 300 kPa. Ynow:ng that the wotal stress path has a

grad:ent of 13 and must stop at the tailure surface soverned by M = 1.39

Referring to Figure 610, the total meae stress pownts (p) are caleulated from the
intersect:ons ponts ot the total stress paths (TSP) and the linear srress ratio n
(with n —g/p}  As the stress ratio 1 is increased, rotal mean stress values are computed.
By definition of the stress ratio . the correspondimy deviator stress values can be

esnimmaled (g = n«<p)

i

(& ]

L
i



Anatyas of Resultsan ferms of Cricol Stare Mode

Figure 6. 11 Predicted critical state line showmg total stress path-stress rutio 1) infersection puints

STEP 3} Compute the etfective mean stress o' wvalues from aruation 6.8,
which defines the shape of the etfective stress path in terms of M. n
and p',

[t was shown m Figure 6.9 that the current vield surfuces are elliptical in shape, an
assumption developed in the Cam clay theory.  The changes in size of these cumrent yield
surtaces are controlted by the ininal effective stress (p',) as welt as changes in mean
effeclive stress p An equatien developed by Wood (1920) specifics the shape of the
andrained effective stress path in the q-p” plane, assumung thar clastic and plastic
volumetric strains are oceurrmyg. Obviously, there are o changes of volumetric stram in
A conventional undrained stress path test, as the volume remains constant throughout the

loading application. ‘The equation specifving the Cam-clay vield curve 15 as Tollows
£ A ] ! L ¥

pwp — | (M™+ ¥ (M — 1) } '
wherg (5.3)
A=(h-w)VA=0786
The parameters p'; and n, define an minal effective stress state {ie p'. (s equal to

73 kPa, 200 kPa and 500 kPa with n. equal to zero).  From Equation 6.8, we can obtain

-B G-
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the effective mean siress poants (p') of the yvield curve corresponding to devialor stresses,
which are defined by g — nxp” The pore water pressure (u) can be derived by taking the
total mean stress from STEP 2 and subtracting the corresponding effective mean stress,

u=p-p

STEP 4y Derive the plastic volumeliric strain (8" and plastic shear strains

(G=") increments using the following equations (Schofield et al, 1968)

8T, — § (exBP W(vexp'a) §

(6.9)
HeP, = 8.

In Figure 611 a companson between the conventional (CTCY stress path tests of
remoulded Maguga clay and the back-prediction i terms of deviator stress (g)-cffective
mean stress (') and deviator stress {glaxial straim (2,500 15 shown,  The back-predicted

fest results (for ondy the triaxial test consolidated at 75 kl*a) are shown in Appendix D=6,
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i . y
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A T A% Tra 3LT ARG AfT 2D 4w LIp 4 o i 2 E] L = N d; n 1 1 11 12

Effective Mean Stress p' (kPal Axial Strain {3}

Figure 6.1 1 Comparison hetween remoulded CTC siress path fest and the back prediction

The internal angle of friction for the back-prediction (¢ predicwd) 15 cgual to 29 99, while
the cohesion intercept 15 dermved as 10 kPa. The Mohr-Coulomb shear streneth
parameters for the predicted taxial compressien test were computed from conversion

gquations 2.3 i Chaprer 2.
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The compzarnson between the conventional tnaxial con

sresston test data of remou

Maguga clay and the back-predicted data s good.  The effective stress paths ure almost
F“.rl',_r,;[ simulalions ol 1the actual L"'Hp(‘[lIT'IE‘II!:” resuits .'\[[“l.bllj_',h the final f}‘lﬂllﬁ.‘
condinons are similar lor the _g'zi.;-l,lll.":i_'ﬂ and L'\[h_‘r':r'-."ﬂ'..l! siress paths. the critical state
model cannot adequately express the actual lnal yicldmp bebaviour of the clay

However. the back-prediction is exceptional in comparison with the undisturbed GG

siress path test where § uaewhed = 29 87 {seC Section 5.2.2

The predicted deviator stress-effective mean stress diagram shown 1 Figure 6.9 15 a
convenlional representation of a normally consolidated, undramed traxial compression
test undertaken at initial effective mean stresses 75 kPa, 200 kPa and 500 kPa The
back-predicted resuits follow a smooth profile, which ends al specific peak siress
conditions. ‘The maximum deviator stress of the back-predicted tests tends to approach

the experimental deviator stress at axiat strains of 10%

I'he back-prediction clearly simulates the clay behaviour well at axial strams greater than
1%, but does not define the peak siress cotditions at low axial steams. The peak stress

conditions could be improved if the critical state parameters. given in Table 6.2, are

varied while cerfan parameters are assumed to remamn varving Le slress

ratio M wath respect to the other coitical state parametcrs)
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CHAPTER 7

CONCLLUSIONS

“As our knowledge of the behaviour of real soils increases, so our appreciation of

the nadequacy of conventional laborvatory testing srows.” (Wroth, 1984)

The quote by Wroth {1984) capturcd the cssonce of thus research work by emphasising
the importance of reliable and competent laboratory testing that we, as geotechnical

enginears, musl interpret to atiamn an understanding of the sol behaviour,

The conclusions are drawn for this rescarch work in terms of three distinct sections,
namely a comparizon of conventional and non-conventional 1esting methoda. test material
condition (*undisturbed” and remoulded) and finally, the long-term mmplications of

utidertaking non-conventional siress path propagation

Conventional and non-conventional stress path est results have shown that there are
siress-strain-strength diflerences.  Although in the caze of Maguga clay, the conventional
stress path comparisons are niniscule, the results do emphasisc that there are differences
between ‘undisturbed’ and remoulded triaxaal tests.  The shear strength parameters of
conventional stress path testing differ by Ad™ = 29 and Ac” — 5.1 kPa. However, the non-
conventional stress path results show a tendency to have a lower &7 (17 10 2,57 lower) and
a higher ¢” (8.0 kPa to 1 8.5 kPa increase) in companson with the conventional stress path
lesting.  As was menlioned before, the difference in the clay behaviour was the result of

the vastly different stress syvstems that were applied to fall the test specimens,

The fact remains thal conventional lesting procedures are prone to common errors and
uncertainties, which affects the evaluation of the mternal angle of finction (4°) and the
apparcnt coheson (¢) Common emrors such as the curvature of the fandure surface at

high pressure ranges, the actual degree of saturation achieved within the sample, the
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undetected presence of air bubbles within the drammasce lines and the mcthod of
preparation of the traxial test specimens are compounded in conjuncuion with

uncertainiics such as the lack of expertise and/or test apparatus.

These common ermrors are bighlighted. to a greater extent, in conventional stress path
testing and are alleviated in the non-conventional stress path applications.  The main
reason why the uncertainties are reduirced in nan-conventional stregs path tests 15 because
the apphication of stress dunng non-conventional testing procedures faciiitates the apphied
siress-clay specimen exposure over a longer tume interval thereby mproving the
reliability of the tniaxial test.  Also, pop-conventional siress path testing can only be
undertaken if the cxpenimenter has the expertise and a compelent famuliarity of the test

apparatus.

The conventional siress path tesis consolidated at an effective mean stress of 300 kPa are
considered 10 be in a high stress range, hence the reduction of the 500 kPa stress range to
that of 300 kPa. which reduced the elfect of curvalure of the failure surface. The effect
of curvature of the failure surface at high stress ranges 15 further redueced in the g-p’
diagram by using experimental discietion in deciding the onentation of the faslure
surface, rather than a least squares regresston analysis.  Experimental discretion cnables
an allowance to be made for poor individeal 1es1 results and the general curvature of the

failure surface.

Considerable care 15 taken to ensure that all visible air bubbles are dissolved into the
water,  The removal of air bubbles ffom within the stiff structure of Magupa elay 15
urcertaim Although the Skempton satumtion (B} values indicated that the clay
specimens were 98% saturated at the end of the saturation stage, 1t 15 ell by the
expenmenter that since satluration was measured from the base of Lhe test samples, the
degree of saturation of the top hall of the sl ¢lay specimen may have been different
Alsa, the extent to which air 15 dissolved into the water within the dminage lines 15

yncertain.  The non-conventional testing procedure elimnates any misconceptions of
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satumation by ensuring that the clay specimen 1 kepl under applied siress condions for
lonaer periods of time The fact that the clay specimen 15 anisotropically loaded
{acitilates Lhe saturation process by introducing another stress dimension to the stress

application.

The method of test sample preparabon affects the compaction ¢fficicney of the soil
structure resubling it vaned, convenbional triaxal test resulls.  Applying a stiess
Thistory” to a test sample can improve the condion of the matenal and mduce different
responses that could otherwise not be forescen in conventional tnaxial tesis.  The affect
of simulating a stress “hislon” enswures that saturation s achieved, but also manages to

simulate a better representlalion of ir-vife stress conditions.

Non-conventional stress path testing may seem too sophisticated for practical application,
but perhaps an important consideration s being ‘camoullaged” by Lhe sophishicaled lerms
and procedures.  Non-convenlional stress palh tests are undertaken in a imited slress
space rezion in this thesis, but whal 15 shown highlichts the fact thal remoulded clay
material can be manipulaled o simudale realistic so1l behaviour, otherwise not
represented or simply unattainable in conventional tniaxaal tests. The non-conventional
siress path lests improve the sol behaviour by allenng the soil struclure via stress

rmaripilation,

A thoroueh undertaking of non-conventional stress path tests (on dillerent soil Ivpes)
muay improve the underslanding of what or how stress condmtions {stress paths) interact
within the fleld applications.  The predictive behaviour of 501l can now be taken (o a few
tevel of awareness.  Models such as the Critical Stale, {which were formulaled from
tsotropic soll hehaviour), neslected the non-conventional or argsotropee stress path
applications.  The models do not incomporate anisotrople soil behaviour because the
madels were developed a few decades ago, belore Lhe progression of sophisticated stress
path equipment made non-conventinnal stress path sumulation possible. 'Fhe major

attribute of such models s the fact that proper soil relationships (rather than spurions
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relationstups) can be expressed in dimensionless variables so that advantage can be taken

of the scaling laws of comtinuum mechames.

The rescarch work focused on only a few sequential combinations of siress paths limited
toa parbicular regron of stress space associated with stiff, slightly silty clav. This seems
rather madeguate when one thinks of the diverse classificanon of 501l types and therr
possible stress path charactenistics. Tndertaking non-conventional stress path testing on
difforent soil types may seem daunting, but may improve the understandimg of how the
sl structure changes and adapts when subjected lo an applied stress “history”,
~Neon-conventional stress path lests provide a means of attaining meanmgful simulations
of stress-strain-strength charactenistics from otherwise ‘inferior’ remoulded matenal.
The non-conventional stress-strain charactenstics of remoulded Maguga clay replicated a
stifter clay material than thar, which was observed 1 the conventional stress-strain
characteristics.  The mtemal soil re-structuring s attributed 1o the non-conventonal
siress preconditioning. The preconditioning sequence of common stress paths breaks the
particle bonds at particular vield surfaces, hence dillerent failure conditions are ohserved

at unrelated axaal strains (as shown in the non-conventional stress path tests)

In conclusion, the following quesuon anses: I the same care and time 15 spent on
conventional stress path testing, why bother to do non-conventional stress path testing?
Realisnically, me-sirn soil masses are subjected to complex stress histonies involving an
interaction of diflerent swess paths.  The stress history of different stress paths can be
accurately simulated i the computer-controlled triaxial device, providing sensitive
simulatiens of exisung siress conditions as well as possible lonz-term alicration of the
soif structure. The sophisticated stress path device enables myvestigations with respect to
pasi, present and future stress conditions, which are unable 1o be simulated by any other

matcrial testing device in the ‘modem’” laboratory.
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APPENTI[X A&-3

STANDARD TEST METHOD FOR ATTERBERCG LIMITS OF SOILS

Determination of the Atterherg Limits of Seils (BS (377:1975, Test 2B and
BS 1377:1975, Test 3)

Liguid Lot The water comrent at the boundary between liguid and plastic states,
expressed as a percentage of the oven-dried seil mass
Plastic Linue: The water content at the boundary between the plastic and semisolid,

expressed as a percentage af the oven-dried soil nass.

Apparatus

o Ligeud limit device consisting of Casagrande device and cone penetrometer.
¢ Grooving tecl confarming to specificaucn dimensions.
= Containers. spatvias and miscellaneous equipment used in test procedure,

e Analvtical balasnce sensitive e 0] &

e e g £ B
Gadtpee e
e e datatfnpe 1

b
PEE PSRRI AL L

Cone penctronieier and Casagrande lquid limit devices
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APPLENDIN A-3

Testing Procedure

LIQUID LIMET

e [nspect the liguid imir devices to determine that the dewvices are in wood working

order and conform to the speclicaton dimersions

e A sufficient quannry of awr-dried soil matenal 15 placed ir an evaporation dish (or
oin suitable sarface) and thoroughly mixed wath 20 to 30 mi of de-aired water by
:h.!.

-
e L L

. -
1112 AN SOITINE W ‘.'.l'_ A S0Dalula

o Casagrande: When sufficiert water has been tharoushly muxed wath the sl to
praduce a4 consistercy thut wi!! require 20 to 30 drops of the brass cup. a portion of
the muxture 15 sgueezed dowr and spread inta positior with as tew strokes of the
spatuia as possible
Cone Penetrometer: Similurly, for the cone penetromieter test, the mixture s
stjueezed into a cup unul the mixture 15 ush with the edee ol the cup

o Casagrande: The soil in the brass cup s dnvided into two equal halves by firm

cgua diVies UY LT

roovite too! dlong the centre-line ol

strokes of the g the cup. Tearmg or shppirg
of the sartace should be avoided.  The cup 1s lifted and droppred at aporoximately
2 rps, until the two halves come into contact with each other along a distance of
approximately 10 mm  The process is repeated until a reliable range of results is
estunished

Cone Penetrometer: The cup containing the mixture 18 placed orto the pedestal
and the cene tip is carelully positiored in contact with the surfuce of the mixture
ard ar initial displacement reading s recorded  The relcase switch is released ard
the cone penetrates the mixture.  After five seconds the release switch is vressed to
a stop position ard another displacement readice as well as a representative
maoisture cartent sample 15 taken  The process is repeated uatil the displacement

readings are within 0 5 mm of each other




APPENDIX A-3

PLASTIC LIMIT

o A small guantity ol dry sor! matenal s mixed wath a minuscule quantity of de-aired
water and squcezed into an ellipsoidal shape between the fingers.  This mass is
rafied on an appropriate flat surface woth sullicient pressure to roli the mass into a

thread of uniform diameter
* When the diameter of the thread becomes approximetely 5 mm and the thread
crumbles under the pressure required for roliimg {can no lenger be rolled nto a
thread)  [his shall be considered the end point and the portians of the crumbled
soil are weizhed and oven-dried to attam the moisture content.

FINAL CALCULATION

Plasticity Index (PIy = Liguid Limit (LL) — Plastic Limit {I’L.}

oL



STANDARD TEST METHOD FOR SPECIFIC GRAVITY OF SOIL

Determination of the Specific Gravity (BS 1377:1975, Test 6B)

Specitic yravity is the ratio of the weight in air of a given volume of a material at a
constant temperature, to the weight in air of an equal volume of distilled water at a

comstant temperature.
Apparatus
e Density Sottles {30 mi) with stoppers, numbered and calibrared.

o Constant-temperature waier-bath maintained at 25 °C, with shelf for holding

density bottles

Vacuun desiceator suitable for three density bottles per soil sample.

Vacuum pump and vacuum rubing,

Wash bottle, small glass tinnel and smail spatufa.

Analytical halance sensitive to G001 ¢

s
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Specific gravity apparatus-density bottles in dessicator



Testing Procedure

PRE-INITIATION OF SPECIFIC GRAVITY TEST

o (Calibration of the density bottles 15 necessary before the test can commence, as the
bottles are prone to welght distortons when dried man oven.  The density bottles
and stoppers are weighed individually (My). The botttes are filled witk water and

ptaced under vacuum :n the desiccaior

* When the extraction of the oxvgen in the density bortle ceases. the bottles are
removed from the desiccator and filled carefully with disolled water to the om of

e bottl ne stopper 15 inserted and the excess warter s caretullv waned away
toe bottle Thn PpRer s u 1 and e ar reruliv wiped

e The denstty Zottles are pluced in the constant warm-bath maintained at 25 °C for |
hour  The Zottles are then removed irom the bath and wiped dry carefully and
quickly so as to avold changes in temperature. They are then weighed to the
nearest 0,001g (Mg + M),  The volume of the beaker with respect to the water

(Vim) 15 tken recorded as Vai = Mu/pu

INITIATION OF SPECIFIC GRAVITY TEST

e A sample of 30 — 100g of rie dry soill material, together with a representative
propoction of the gravel-sized particles is prepared.  The soil is ground with a
pestle und mortar and the dry muterial thar passes through the 425 pum sieve is
collected.  During the oven-drving of the test material it is essential that the oven

1% maintained at 4 temperature of 40 °C or helow, for a time period deemed long

enough by the tester  Oven-drying at a temperature of 40 °C instead of the
standard 11> — 110 °C mimimises the chemical chanpes that would affect the
specific gravirty value

¢ Place approximately 3 g of the fine test mareral, directly from rke cooling
desiccator, into each density bottle (three bottles used for test) and weigk the

bottle together with the stopper and the soil (M; = M, = M), Add the distilled

=] i)~



water, Dy runming the liguid carefully down the side of the bortle, until the soil is
covered (aboue halt-fully and there 15 ne visible entrapped air.  Place the bottles in
the wvacuum desiccator (without stoppers) and apply the wvacuum pressure

graduatly

The vacuum is maintained until there 18 no air ictt to “dbubbdle” out of the soit. The
bottles can be remowved individually and agitated frequentty by the tester.  Care
must be taken to ensure that particles in suspension are not lest through the bortle

apemng while the bottle 15 agitared.

The agitation process 1s repeated untit the complete remaval of air has taken place.
The complete eliminabion of air within the soil 15 necessary for obraining consistent
results.  If the tester is undecided whether the air has been exhauseed in the soil
{duc to murkiness on the sides of the bottle), then place the bottles in the vacuum

desiccator for a longer penad of tume.

Remove the density bottles once satisfied with air extraction and fill the borttles
with further distilled warer. Insert the stopper carefully and wipe away any excess

water that exudes from the capillary tude within the stopper.

Place the stoppered density boxtle in the constant temperature dath so that it s
immiersed up to the neck of the bottle.  T'he density bottles should be placed in the
aath untl they have attained the temperature of the batk {a time period of § bour s

specified in BS {377.1975, Test 6B).

e Remove cach bottle from the bath and carcfilly wipe away any warter that adhercs

to the outside of the bottles.  Prolonged contact witk the air and hands must be

avoided as this may raise the temperature of the bottle.

The density bottles are weighed individually to the nearest 0,001z and recorded as

My =My + M, + M

-E01-



FINAL PROCEDURAL CALCULATIONS

Mass of water in density bottle (M, ) = M, -M|

Volume of water in bottle (F, ) = Moy

P
Volume of specimen (V) = ¥, =V,

Mass of specimen (M )= M —M,

Density of specimen { p, } = iﬂf;_a

I

Hence specific gravity ((, ) =

2,

wi

[where o« = 1.000g/cm’]
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APPENDIX B-2

STANDARD TEST METHOD I'OR PROCTOR COMPACTION OF SOIL

Determination of Moisture-Dry Density relations of Soils (BS 1377: 1983, Test 12)

Proctor Compaction tests deal with the determmaton of the refationship between the
densiy of soils and the moisture content for a certain degree of compaction effort.
The moisture conditions that produce the most efficienmt compaction at an optimum

dry density are determined
Apparaius

o Cylindrical steel moubds 101.6 mm in diameter, kaving a capacity 94dcm™ = 11 em’
and conforming 1o specifications. The moulds are fitted with removable extension
collars.

o A manual rammer with a mass of 2,5 kg +25g and a circular contact face witk

a diameter of 50 mm, conforming to specifications.  The rammer is equipped
with a guide-sleeve that will not restnet the free-fall of the rammer.

e Exiracting platform so that the sample can be extruded from the mould.

s Evaporating dishes necessany for mosture content determination.




AFMPENDTX B-3

Testing Procedure

SAMPLE PREPARATION

The original butk samgple is sieved through a 1% mm sieve and ail soil particles
retained on the sieve are removed A representative portion of the bulk sample 15

taken, an amount weightng agproximately 10 kg

A series of five specimens are prepared by adding mncreasing amounks of water to
cach sample (one specimen s availahic as an extra test).  The moisture contents of
the specimens arc selected so that the optimum moisture relatonships are

bracketed within the predetermiped moisture contengs.

The specimens are thoroushiy mixed to ensure an even distiibution of maoisture.
They are then placed In a sealed contamer and allowed to stand for 24 hours, so

that the ful! hydration process can take place.

SPECIMEN COMPACTION

Check that the siecl mouid, extensian collar and base plare are clean, drv and
conform to the specifications shownin BS 1377:1975,  Caleulate the volume of

the mould and record the weight of the mould including the base plate

o Place the steel mould on a rigid base and add the Livst of three soil layers.  The soil

is comypacicd by applying 25 hiows of the rammer from a height of 300mm.  The
surlace of the irsl two compacted lavers should he lightly scrapged to tacilitate
bonding of the lavers. To epsure an efficient compacuon effort a sysicmatic

sequence should be applied
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ATPENDIX B-3

Switemattic application of blow sequence

On completion of he layered compaction elfor. the extension zollar is removed
carefully acd the excess soil s wmmmed away wotll the surtace of the compacied
soil 15 fush wath the edges of the mouls.  The base plate, mouls and compacted

soil is then weighed

The compacted sanple is extrazied and placed on a 'ray  The extracted sample 1§
then cut into guarters and a representative gorticn (preteraily the core) is taken for

mnsture content determination.

On cempletion of ail the moisture content defermications, a graph showing the

i . . - : 1 ! ; - _\ . -
relavienship of dry density {xg/m’) versus meisture Zontent (%) can be plotted ang
the maxicnim dry density ar ogtimum meishure content can be extrapolated [rom

It.



APPENIMX -3

STANDARD 15T METHOD FOR ONI-DIMENSIONAT CONSOLIDATION
PROPERTIES OF SOILS

Decermination of the Consolidation Properties of Soils (ASTM-D2435-80)

This method covers the procedure tor determining the rate and maghiude of

consolidation of seil when it & restraned laterally and loaded and drained axially.

Apparatus

Load device suitable for applyng vertical loads to the specimen,

Consoiidometer device to hold the specimen m a ning, which 15 fixed o the base.

Anafytical balance sensitive to 0,1 ¢ of the total mass of the test specimen.

Drv oven that 15 maintamed at 110 = 5°C,

L

Misceliancous equipment mcluding compaction block, hammer, trimming device and

vermer caliper, used n the preparation ol the specmien,

Consolidometer platform showing loading device and eunsolidation cell in place
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APTENDIX C-3

Testing Procedure

PREPARATION (JF APPARATEN

¢ Check the consolidation cell s clean and not distorted, that the o-ring seal is i good
condition  Assemble the cell components of the consolidation cell to ensure that they
[l topether properly.  Once satisfied wilh the components of the consolidation cell, dis-
assemble the components and muosten the inside surfaces of the cell as well as the

porous dises

e Check foadmg beam can move treely and the leading hanuger 15 fitted in the correct

posilon

= With the loading hanger in the vertical position, adjust the counterbalance as necessary
so that the beam and hanger assembly 15 in balance Make sure all serewed

connections are tightly secured

PREFPARATION, PLACEMENT and LOADING OF SPECIMEY

¢ Compaction s done by hand tamping with a wooden rod until a specified, consistent
compaction cffort is attamnesd. After compaction the specimens are trimmed and
welghed, then stored for approximately 24 hours.  The mass of Lhe test sample s

measured before and after to ensure that no [oss o mosture contem poourred.

» The porous stones uad the filter paper arc wetted and the sample (in a steel rmg) 15
piaced nto position.  The steel consolidometer rings are Lightened and the specimen is

cnclosed  The consolidation cell 5 placed on the loading platform.

s ‘the loading hanger 13 agam adusted to accommeaxiate the imbalance of the
consohdation cell (and water, which will be added). The displacement dial is adjusied
s0 that contact with the censolidation cell 13 established and the dial reading =
recorded.  The loading and unloading procedure 15 Lthen followed and the deformation

for each load application 1s recorded.
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APPENDIX -5 Predicted Soil Response of Maguga Clay consclidated at 75 kPa
1 Ti L TS TR aip 13 apto |REREELl g Plastic Volumetric|Plastic Shear| Shear
Strain Strain Sirain
{kPay kP a} kP (kPa} (kP a} a} %} %)
0] 0.00 1.040 75001 7500 G.00 0049 .04 00040 C.0ao .40
(000 1.000 TH25 | Y5O0 C.oo 0.25 0.75 0.0 0001 0.a0
12| 0.ad 1.000 TS50 | 7485 0.0 0.52 1.50 0.004 0.003 0.00
<31 0.00 1.000 T5T6E | T497 0.0z Q.75 2.25 0.a07 G005 .01
41 0.00 1.001 76.01 | 7485 | 0.02 1.08 200 0.010 0.007 0.02
I519.00! 1.001 7627 | 7492 L.a3 1.35 375 0.a13 a.00e 003
==t | .00 1.001 7653 ¢ 7485 003 1.64 445 0.016 .01 0.04
7|ooo 1.002 7879 | 7485 | 004 1.594 524 0.019 0012 0.a5
1B10.019 1.003% F705 | 7481 .05 2325 598 G0 Las G.0o7
5 0.09 1.0032 7732 | 7475 0.0s 257 673 0.024 0.o17 0.o08
0Y0 01 1.004 7759 | 7470 | 006 285 747 0.027 0,015 0,10
11001 1.005 P ITAs ) 7463 L.O6 322 821 0034 J.021 T
2]19.01 1.008 T TBAG | 745 G.av 358 8495 0.033 0023 £.15
3lp.02 1.007 7840 | 7445 | 0.08 3.91 5.68 0.0325 0.025 017
4002 1 ODE TBGET | 7441 | D08 426 | 10.42 0.038 0.027 Q.20
L0z 1.009 78495 | 7432 009 4 63 11.15 004 0o25 0.22
&(0.032 1.010 L TE.23 ] T4.23 2.0% 500 11.88 0044 J.0319 0.26
7003 1.012 {7851 7413 a0 5.38 12 60 0.046 0.033 029
£|0.03 1.013 7979 | 7403 | oD 576 | 13.a32 0.049 0,025 0,23
9(0.04 1.015 go.Q7 | 7382 .11 6.15 14.04 0051 0.037 0.37
alo.04 1.016 8036 | 7380 | o1 656 | 14.76 0.054 0.029 0.41
11904 108 Bl 6% & T3.68 012 6 95 15 .47 L.0AT Q.041 045
210.0% 1.020 BOB4 | 7358 013 738 1618 G.059 0.043 0.4%
2008 1.021 81.23 ] 7342 | 013 780 | 16.89 0.052 0.044 0.53
A419.06 1.023 B1.652 | 7320 0,14 B 23 17.59 0,064 004G .58
'5140.06 1.025 Fg1.82 % 7315 c14 BEY 1829 087 0.0458 L83
‘"B 007 1.027 g2.12 | 7300 G5 912 18 .88 C.0889 0.0580 .68
Tlo.o7 1.030 8242 | 7285 | 015 957 | 19.67 0,071 008t 0,73
B9.08 1.032 B272 | 7260 L6 1003 | 2035 L.o74 Q.0583 L.78
G 0.08 1.034 B303 | 7253 .16 10.50 | 21.03 L.o7e 0.055 C.84
0|00 1.026 #8333 | 728 | od7 | 1087 | 217 0.078 0.NE6 0.89
A (0.14 1039 gagd | 72109 L7 11.45 | 2238 Cas1 0.058 0.85
21014 1.041 a3296 | 7202 L1158 11 .84 23.05 0.083 L.OED 1.01
=319.11 1.044 g4.27 [ 71.284 018 1243 | 2371 0.08L Q.061 1.07
=4 1012 1.047 8409 1 71.6% LB 1283 | 2436 L.O8T J.063 1.13
w5012 1.050 8499 | 71.48 015 1244 | 25.01 L0849 0064 1.24
w5 | 013 1.052 B 23 | ¥1.27 01% 13.96 | 2566 .09 0086 1.26
my (014 1.055 8555 | 71.07 0.20 14.48 | 26.20 0.093 0087 1.33
mE(0.14 1.058 8588 | 70.87 .20 15.01 26.932 L.o9s J.068 1.44
SO0 015 1.061 B 21 | Y0.86 0.2 1554 | 27.56 0.0a7 0074 1.47
D016 1.065 BE. 54 | 70.45 a.21 1608 | 2818 J.0939 Q.071 1.54
E1|017 1.068 B 87 | 7024 0.21 1663 | 2880 a.1o 0.072 1.61
Bz (018 1.07T1 g7.21 | 70.02 0.2z 17.19 | 29.41 0102 0.074 1.649
B3| 0.15 1.074 8755 | 8980 | a2z | 17.75 | 30.01 0.104 0.075 176
®4|0.19 1.078 B785 | 5958 | 922 | 1821 | 3081 0.106 0 076 1.84
B5| 0.2 1.081 g8 24 | 8935 022 18.89 | 31.21 2107 Q077 1.9
ne| 0.2 1.G85 BB SR ¥ BY12 023 19.47 3179 g.10g 0.078 1.99
n7|ozz2 1.088 E§92 | 6888 | 022 | 2008 | 22.37 0.110 f1.079 2.07
KE|9.23 1.093 EQ.20 | 6E 64 Q.24 2064 | 3295 a.112 0.081 2.18
KO0 24 1.096 5964 | 8340 | Q24 | 21.24 | 3352 0113 0.082 223
60 |0 25 1100 9000 | 5216 | 024 | 2184 | 3408 g0.115 0.083 2.32
=1|0.26 1.194 g90.36 | 67.91 Q.25 2245 34 B4 0116 0.084 Z2.40
32 (027 11408 99.73 | 8766 J.25 2308 | 3518 L1188 Q NEs £.48
2210.28 1.113 G1.0% ___6?.41 025 23 68 | 3573 g.11% 0.085 2.57




029 1117 9146 | 6716 | 0.26 | 24.31 | 36.26 0.120 0.08& 266
0.30 1121 0184 | 6590 | 026 | 2494 | 3579 0.121 a.0B7 274

0.31 1.125 9221 | 6664 | 026 | 2558 | 3732 0122 0 088 2.83
a3z 1,130 6259 | 6628 | D26 | 26.22 | 37.83 0.123 0.0848 2.92

034 1134 9298 | 6611 | D.26 | 26.86 | 38.34 0.125 0.050 3.00

35 1.138 9336 | 8584 | 027 | 2752 | 3885 0.128 0.030 3110

0.36 1.144 9375 | 8557 | 027 | 28.18 | 3934 0.127 0.091 3.19

0.37 1.148 94 14 | 8530 | 0.27 | 28.84 | 39.54 0.127 0.092 328
0.38 1.153 94.54 | 8503 | 027 | 2051 | 40.32 0.128 0.092 3.37
0.40 1158 9494 | 64.75 | 027 | 30.18 | 4080 0128 0.093 347

0.41 1.163 9534 | 6448 | Q28 | 3086 | 4127 0.130 0.094 3 56
D42 1168 9574 | 64.20 az 3154 | M1.73 D13 0 0%4 3.66
044 1.173 8615 | 6392 | 028 | 3223 | 4219 0.131 0.095 375

7| 0.45 1.178 96.57 | 6384 | 0.28 | 32.92 | 4264 0.132 0.095 3.85
8)0.46 1.184 96.98 | €3.36 | 028 | 33.82 | 43.09 0.133 0.096 3.94
9(0.48 1.189 9740 | 6308 | 0.28 | 3433 | 4352 0.133 0 096 4.04
a1 0.43 1.194 9783 | 6279 | 0.26 | 3503 | 43.95 0.134 0 086 413
1|0.50 1.200 98.25 | 6251 | 0.29 | 3575 | 44.3 0.135 0.097 23
2|0.52 1.205 98.88 | 6222 | 029 | 3548 | 4480 a.135 0.097 4.32
3|0.53 1.211 9912 | 61.03 | 029 | 3719 | 4521 0.135 0.097 442
4[0.55 1.217 8956 | 6164 | 029 | 37.91 | 4562 0136 0.098 4 52
5| 0.56 1,222 10000 | 6135 | 0.29 | 38565 | 46.01 038 0 088 4.62

6| 0.58 1.228 100.45| 61.06 | 020 | 39.38 | 46.41 0.137 0.098 72
7(0.59 1.234 100,90 | 8077 | 0.29 | 4012 | 46.79 0.137 0.099 4.82
B|0.61 1.240 101.35| 80.48 | 0.29 | 4087 | 4717 a.137 a.0949 4 92
9| 0.62 1.246 10181 | 6019 | 029 [ 4162 | 47.55 0,137 0.0949 5,01
0]0.64 1.252 102.27| 5890 | 0.28 | 42.38 | 47.92 0.138 0.099 511
1/0.68 1.258 10274 5960 | 020 | 4314 | 48.28 a.138 0088 521

2| D67 1,265 10321 50,31 | 0.20 | 43.90 | 4853 0,138 0.089 5.31
0.64 1.271 103.69| 59,02 | 020 | 4487 | 45.98 0.138 0.099 541
0.71 1.277 10417 5872 [ 029 | 4545 | 49.33 0.138 0.099 5.51
0.72 1.284 104 65| 5843 | 020 | 46.22 | 49.66 0 138 0.100 561
0.74 1.280 105 14| 5813 | 028 | 47.01 | 49.99 0.138 0.100 5.71
0.76 1.297 105 63| 57,864 | 029 | 4779 | 50.32 0 138 0.100 581
0.77 1.303 10613 5755 | 029 | 4859 | 50.54 0.138 0.100 5.91
0.79 1.310 10664| 5725 | 0.29 | 4938 | 50.95 0.138 3100 6.01

0.81 1317 107.14| 5686 | 023 | 5019 | 51.2¢ D.138 3100 6.11
3.83 1.324 10766| 5686 | 029 | 50.99 | 51.56 0.138 D099 6.21
3.85 1.331 108.17| 56.37 | 0.29 | 5180 | 51.86 0 128 D.099 31
J.96 1337 108 70| 5608 | 0.29 | 5262 | 52.15 0.138 0 099 § 41

08 1344 109.22| 6578 | 0.29 | 5344 | 5244 0.138 0.099 8.51
5|3.90 1.352 109.76| 5549 | 029 | s4.27 | 5272 0.138 0.099 6.60
6| 92 1 359 110.29| 5520 | D29 | 5510 | 52.99 0.137 0.099 8.70
E7| 094 1366 110.84| 5491 | D29 | 5593 | 53.26 B.:37 0.099 6.80
WE| D95 1.373 111.39| 5462 | 0.20 | S6.77 | 53.52 0.137 0.099 €.90
=j3| 3.98 1.381 111.04| 5433 | 029 | 5761 | 53.78 0.137 0 098 700
m{| 1.00 1 338 11250 54.04 029 5846 | 5404 0136 0.098 710
m1]1.02 1.395 113.07| 5275 | 0290 | 5832 | 54 28 3.136 0 088 7.20
2| 104 1.403 11364 | 5346 | 029 | 60.18 | 54.53 0.135 0.088 7.29
=3 |1 08 1.411 114.2* | 5317 | 028 | 61.04 | 54.75 0.138 0.098 7.39
=108 1418 114.80| 5288 | 0.29 | €191 | 55.00 0.135 0 097 7.49
=5 (1,10 1428 115,28 | 5260 | 0.29 | 6279 [ 5523 0.135 0.097 7.59
mg (1,12 1.434 11598 | 5231 | 029 | 6367 | 5545 0.134 0.097 768
7114 ‘442 116,68| 5203 | 0.28 | 64.55 | 55.57 0.134 0 386 7.78
i 117 1.450 11718 51.74 | 0.28 | 6545 | 55.88 0.134 0.096 7 87
=gl 1.19 1.457 117.80| 5146 | 0.28 | 65.34 | 56.00 0.133 0.098 7.97
G| 121 1.466 118.42| 5118 | 0.28 | 67.25 | 56.29 0133 0.066 8.07
111.23 1474 11906 50.60 | 0.26 | 6815 | 5649 0.132 0.085 818
—2|1.25 1.482 11988 5061 | 0.28 | 69.07 | 56.89 0.132 0.095 8.26
3\ 1 28 1490 12032| 5034 | D28 | 6999 | 5688 0.131 0 085 8.35




4]1 30 1408 12067 5006 | 028 | 7091 | 57.07 0121 0.084 844
2122 1.507 12162| 4978 | 028 | 7184 | 5725 0130 0.004 854
61133 1515 12228| 4950 | 028 | 7278 | 5743 0130 0.093 863
71137 1523 12295| 4823 | 027 | 7372 | 5760 0129 | 0093 872
8| 1.3c 1532 12363| 4896 | 027 | 7467 | 57.77 0.129 | o083 8 82
o142 { 541 12431| 4866 | 027 | 7563 | 57093 | 0.128 0.092 8.91
0l 1.44 1.540 12500| 4841} 027 | 7655 | 5800 0.128 0082 9.00
11 1.46 | 558 12570 | 4814 | 027 | 7758 | 5825 0.127 0.081 909
211 49 1567 126.40] 4787 | 027 | 7853 | 58.40 0.127 0.091 918
3151 1 575 127.12 4760 | 027 | 79.51 | 58.55 0126 0.091 827
'a| 154 1,584 127.84| 47.34 | 027 | 8050 | 58.70 0.125 0.060 537
51 1 56 1.503 12857 | 47.07 | 027 | 8150 | 58.84 0.125 0.060 545
5156 1602 12631| 4881 | 026 | 8250 | 58.68 0.124 0,085 5 54
711.61 | 811 13006 | 46,55 | 026 | 8361 | 55.11 0124 0.08Y 5.63
81 64 { 820 130.81| 4628 | 026 | 2453 | 5024 0.123 0.089 972
5] 1,66 1620 12156 | 4602 | 026 | 8555 | 5937 0.122 0.088 9 81
0| 169 1639 13235| 45771 026 | 8650 | 5950 0122 0.088 a 90
_t[1.72 1 648 133.14| 4551 | 026 | 8763 | 5062 0121 0.087 g o8
2| 174l 1857 13393 4525 | 026 | 8868 | 59.73 0121 {  D.087 10.07
3| 1.77} 1,667 13473| 4500 | 025 | 89.73 | 50.85 8.120 [ D086 10.16
4180 1676 13554 | 4474 | 025 | 90.80 | 59.96 0.119 0088 10.24
5182 1.686 136.36 | 4445 | 025 | 9187 | 60.06 0.119 D 085 1023
m5 | 1.85 1 685 137.20| 4424 | 025 | 9295 | 60.17 0118 0 085 10.41
B7| 188 1.705 138.04 | 4395 | 025 | 9405 | 6027 0.117 0.084 10.50
81140 1715 138.80 | 4374 | 025 | 9515 | 6037 0117 0.084 10 58
.9\ 103 |.724 139.75| 4350 | 025 | 86.26 | 60.46 0116 | 0084 10.67






