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ABSTRACT

This study investigates the applicability of the 1imit state con-
cept to the highly plastic, lacustrine clays of the Winnipeg area. The
thesis begins with a literature review of the concepts of 1limit state

and critical state, which is followed by discussion of YLIGHT, the most

recent qualitative model for the behavior of natural clay.

Using the careful sampling and Taboratory testing techniques out-

~lined in this thesis, nine three-inch diameter, undisturbed triaxial

samp]es;were tested from depths of 8.2 m and 10.0 m in the Lake Agassiz
clay from Winnipeg. Data was obtained on both drained and undrained
triaxiai”behavior. Drained stress-controlled triaxial tests were used
toJEStaSiish Timit state envelopes for both depths. Strain energy was
used’as_a 1imit state criterion along various stress paths.

| f The undrained, strain-contro]1ed triaxial tests examined the pore-
| water pressure genekatioh,characteristics, elastic moduli, and strain
rate effects for this clay. Values of A; between 0.45 and 1.34 were

found depending on the consolidation stress levels. The relative stiff-

ness, (Eso/(cl;o3)/2), varied from 171 to 388. The strain rate parameter,
Py.,» Was found to 1ie between 4.5 percent and 10.1 percent. An average
effective, normally consolidated, Coulomb-Mohr rupture envelope for the-
Winnipeg clay at both depths was found using drained and undrained test
results. The effective strength. parameters, c' and ¢', were 0 and 18°,

respectively, in this range of stresses.
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C.V.R.
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(p;ert)max maximum effective vertical overburden pressure (approx-

imately equal to pé)
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oy Vo

. . . : ] [
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effective octahedral normal stress; = (014-0;4-0;)/3

effective scalar stress; = Z(Ap'zi-Acdev
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

A11 Civil engineering works apply loads to underlying strata.
The response of the soil to the resulting stresses constitutes a major
area of concern for geotechnical engineers. Quantitative predictionsvof
this response require a behavioral model of thé soil's mechanical prop-
erties. With man-made construction materials, such as steel or concrete,
generally acceptable behavioral relationships can be deve]opedbto predict
the stress-strain-time behavior. This enables the design of structures
to withstand loads with an adequate safety factor against collapse and
to Timit displacements within acceptable bounds. In contrast with these
controlled, man-made materials, soils are inherently particulate and
multiphase. This produces complex constitutive stress-strain-time rela-
tions, which can involve both elastic and plastic strains, and strain-
hardening or strain-softening. This complicated behavior distinguishes
soil mechanics problems from most solid mechanics applications which use
simpler constitutive relationships. Researchers have found it difficult
to develop a comprehensive model of soils which accounts for stresses,
strains, and time effects.

For this reason, the analysis of many practical problems in soils
engineerihg is based on various stress-strain models which are often
inconsistent,,invo]ye separéte and frequently unrelated parameters, and

are often restrictive in their assumptions (Kenney and Folkes, 1979).



Design procedures in sbi1‘prob1ems usually consider stability and
deformation sepérate]y. "If the soil mass is found to be stable with re-
spect'to'catastrophic'failufe, further analysis must then be undertaken
to confine'défofmations within tolerable limits. Deformation calculations
usually assume either linear, isotropic elasticity or strain-hardening,
one-dimensional consolidation. Stability calculations, on the other
hand, assume the soil to be rigid until failure is reached, and then to
behave as if it possessed a constant ang]é of internal friction and
constant coheéion. This is simply a statement of the Coulomb-Mohr fail-
+ure critgria: Te = ¢l 40 tang'.*

From full scale field studies it is known that the strength of
clay soils depends on the nature of the stress changes producing fai]ure5
Neverthé]ess fhe influence of stress path is commonly ignored in stabi-
lity analysis by assuming uniform shearing resistance along a slip
surface. It should be noted that some work has been done using strengths
which depend on the inclination of the failure surface (Ladd and Foott,
1974; Graham 1979), but this is not common practice. In most stability
analysis the deformation of the soil preceding failure is ignored. After
failure, deformation is assumed to be catastrophically large and non-
quantifiable. The soil parameters used for stability and deformation
ca]cu]ationé are measured from ‘undisturbed' samples in standard labora-
tory tests such'asatheGOedometer, direct shear and triaxial tests. These
tests produce soil parameters which are only strictly applicable to the
field conditions if the stress path defined by the test is closely simi-

lar to the stress path produced by the field loading.

Symbols are defined in LIST OF SYMBOLS on page



In contrast withmfhe assumptions used in analysis, the deforma-
tions preceding fai]ure‘in most field problems are important and cannot
be'prédicted on the basis of existing models of soil behavior. This is
especially true of the many clay soils throughout the world which ex-
hibit mechanical behavior which is both anisotropic and time-dependent.
Thus an improved understanding of the constitutive relations governing
the behavior of clay soils is most-important in the development of more
realistié testing, analysis, and design procedures in geotechnical
‘_engineering. Although these considerations apply equally to granular
soils, this thesisﬂwi]] only examine a model for the stress-strain-time
behavior of c]éy 50115.

Iﬁ the past, many elastic (Poulos and Davis, 1974), plastic
(Chen, 1975), and elastic-plastic (Schofield and Wroth, 1968) mathemat-
ical models have been developed to simulate the behavior of natural clay
soils. In most cases they have unfortunately been based on studies of
remoulded soils (for example, Schofield and Wroth, 1968). For this
reason, the models have failed to simulate the mechanical behavior of
the majofity of natural clay soils in which anisotropy and time are im-
portant factors (Bjerrum, 1973; Ladd et al., 1977). However, hore
recently severa 1 investigators (for exampie, Mitchell, 1970; Crooks and
Graham, 1976; TaVenas and Leroueil, 1977) have examined the stress-strain
behavior of natural clays through high quality laboratory testing of
carefully handled samples. These efforts have culminated in recent
'studies by”workers at Université Laval in Quebec. On the basis of their

research a general model for the behavior of Champlain Sea clays has been




proposed which incorporates the concepts of limit state and critical
. state along with ideas on ageing and time effects.* Although quan-
titative analysis on the basis of this model is not possible at this
stage it has proved useful in unifying the understanding of soil behav-
jor along various stress paths. It provides a useful qualitative model
on which the prediction of the behavior of natural clay soils can be
made. This thesis examines the apb]icdbi]ity of this model to the
highly p]éstic, lacustrine, anisotropic c]ays.of the Winnipeg area.

In the‘fo]Towing'séction a brief historical review of the re-
search 1eading to the development of this model for the behavior of

natural clays is presented.

1.2 HISTORICAL DEVELOPMENT

Although many earlier researchers attempted to generate mathema-
tical models of the mechanical behavior of soil which accounted for
strains, the development in the 1950's at Cambridge, England, of a group
of plasticity models was the first important step toward this goal.

Over the past three decades, one of the'primary aims of the research

at Cambridge was the development of stress-strain theories for soils in
terms of fundamental soil constants (Roscoe, 1970). In their research,
they worked with soils in their simplest possible state, that is, with
well-graded sands and saturated remoulded clays, so that their proper-
ties could be described by a minimum number of parameters; A convenient

review of this work is given by Bolton (1979).

These terms are used here in a techn1ca1 sense and are defined care-
fully in Chapter 2.



Rqscoe, Schofie]d; and Wroth-(1958), while WOrking with saturated
remoulded samples of Weald clay and Sdbreme Kaolin, andvtesting under
both drained and undrained triaXia] compression, discoVered that a
norma]Ty consolidated, remoulded c]ay'has a characteristic yield or
1limit state surface which contains a Critical Voids Ratio (C.V.R.) line,
to which all stress paths converge at high strains.  They proposed that
the 1imit state surface and C.V.R. line, as they exist in a (p'; e, q)
space, that is, a three-dimensional plot of mean principal effective
stress, p'= (0;4-205)/3,v01d'rat10,'e, and principal stfess difference,
q = (0,-0,), is independent of drainage conditions. If the initial state

of a soil sample and its drainage conditions during testing are known,
-the stress path for a triaxial test can be determined. The stress path,
when reaching the yield surface, traverses this surface until the C.V.R.
line is reached. Thereafter the soil continues to deform at constant
‘stress and constant void ratio.

Dﬁring the ten years following the publication of the work of
Roscoe et al. (1958) the original theory for the behavior of normally
conso]idated, remoulded clays was extended and revised, particularly in
the 1light of a new work equation proposed by Burland (1967). This cul-
minated in the publication of Schofield and Wroth's 1967 book, "CRITICAL
STATE SOIL MECHANICS", in which the authors set out the Cam-clay Model
to describe the mechanical behavior of wet, that is, normally consolidated
remoulded eTay. ‘The focus of the model is the behavior of clay soils
which remain in a quasi-elastic state up to a limit state surface, after
~which they behave more plastically. It draws together the following:

elastic and plastic compression due to all forms of stress increase;



settlements due to both shear and spherical pressure increments; and the
increase in stiffness and strength due to consolidation of loose soils.
Additionally, it incorporates three-dimensional stress conditions; a new
yield or limit state locus which accounts for shear distortion occurring
without plastic volume change for stress paths below the critical state
1line; and the Coulomb-Mohr failure criterion for the prediction of rup-
ture. The reader is again referred to Chaptér 2 for a more detailed
explanation of the concepts of critical and 1imit state.

The 'Critical State' model proposed by Schofield and Wroth draws
a comprehensive and unified picture of the concepts of compressibility,
e]asticity, yield, friction, and cohesioﬁ as they apply to soil (Bolton;
1979). iIt was shown by the authors that the use of the Cam-clay mode]?
in conjdnction with a model of plane dilatant rupture for a soil in a
dense condition, can provide a strong framework by which field behavior
of a soil may be qualitatively predicted. However, the model has proven
somewhat lacking in terms of quantitative predictions (Burland, 1971;
Parry and Amerasinghe, 1973). This is due in part to some of the assump-
tions inherent in the model. For example, rupture frequently interrupts
a soil's progress towards its critical state, thereby destroying the
uniformity of strains on which the model is based (Bolten, 1979). More
important however, is the anisotropic and time-dependent nature of many
natural clay soils. The remoulded clay, on which the Cam-clay model was
based, behaved isotropically and produced a 1imit state surface which
was centered on the isotropic stress axis in a plot of deviator stress,
q,vversu5'mean principal,effective stress, p'. In natural clays, deposi-

tion and preconsolidation develop under anisotropic stress conditions



which lead to an énisotropic clay structure (Tavenas et al., 1977). Thus
the stress conditions leading to volumetric yield in a natural clay are
more logically referred to the Ko-condition (Ohta and Hata, 1971). How-
ever, in spite of its limitations, the Cam-clay model provides a strong
framework on which succeeding researchers could base their studies of
the behavior of natural clay soils.

One of the most important concepts inherent in the Cam-clay model
was the supposition.that a limit state surface exists in conjunction
with the rupture enveTope;' This limit state surface represents a set
of yie]d;points in stress space. Stress states inside the limit state
surface behave in a‘pseudo—e1ast1¢, stiff manner and are identified with
'small strains, strain rates, and porewater pressures. Stress states on
the Timit state surface behave in a more plastic fashion, leading to
much larger strains, strain rates, and porewater pressures. This beha-
vior is observed in oedometer tests as the characteristic pre-consolida-
tfon pressure, p., and in undrained triaxial compression by the maximum
deviator stress. In both cases the laboratory test imposes a formalized
stress path on the soil. However in the field, soil elements may be
subjected to many othér stress paths and a complete definition of the
limit state enVe]ope'requires examination of several stress paths. The
quantitative identification of the limit state envelope for a natural
clay soil allows the prediction of those stress states which do not
cause failure of the soil mass, but lead to the occurrence of zones of
p]astic.deformation, and large settlements or porewater pressures.

| Much of the early work in identifying 1imit state envelopes for

natural clays was focussed on sensitive Norwegian clays (Graham, 1969;



Brown, 1969) and cemented sensitive Champlain Sea clays in Eastern
Canada (Mitchell, 1970; Sangrey, 1972). At a microscopic level, highly
sensitive clay soils consist of plate-shaped particles in an edge-to-
face flocculent structure. The sensitivity of quick clays may be due to
leaching producing pore fluid changes, whereas cementation bonds the
particle contacts in a cemented clay. The stress-strain behavior and
the strength of these soils are intimately related to their grain struc-
ture; that is, to the physical arrangement of soil particles (Bjerrum
and Kenney, 1967). Consequently, the concept of a limit state was
recognized as resulting directly from the clay structure itself. Limit
state represents the stresses at which the strength of the particle
structure is mobilized and the point at which a significant number of
localized failures at the points of particle contact occur. When the
structure of a clay begins to yield in this way, its ability to resist
deformation is reduced. This explains the change from small-strain to
large-strain behavior. Although highly sensitive soils represent ex-
| treme examples of the effect of grain structure on soil behavior, most
clay soils exhibit some effects of particle structure due to geologic
or man-made loading, dessication, groundwater level changes, chemical
changes, cementation, or delayed compression (Crooks and Graham, 1976).
Therefore, the concept of limit state is not restricted to sensitive
clays and may include all natural clays.

Due to the importance of grain structure on the mechanical prop-
erties of natural clays, considerable importance has been attached to
avoiding disturbance of the in—situ particle arrangement and obtaining

undisturbed samples (Crooks and Graham, 1976). The recognition and




development of careful sampling, trimming, and tésting procedures pro-
ceeded simultaneously in the work of several investigators (Crooks, 1973;
Crooks and Graham, 1976; Leroueil and Tavenas, 1977).

Independent of the work at Cambridge on remoulded clays, an under-
standing developed at the Norwegian Geotechnical Institute that the Timit
state concept could be applied to natural clays. Work by Graham (1969)
and Brown (1969) on lean sensitive Norwegian clays confirmed_the idea
that many natural clays possess a critical stressing condition, or limit
state, which is stress path dependent and lies somewhere below the
Coulomb-Mohr rupture envelope.

Mitchell (1970), working with a natural cemented Champlain Sea
clay from Eastern Canada, was able to identify a limit state envelope by
a series of drained triaxial tests along predetermined stress paths in
stress space. Addftiona]]y, he stated that the 1imit state envelope is
associated with the destruction of cementation bonds and deviates from
that expected for an isotropic material. Sangrey (1972) demonstrated
similar envelopes for other cemented Canadian clays and speculated that
the shape of the 1imit state envelope changes abruptly from horizontal
to vertical in the vicinity of p. On the basis of tests on lightly
over-consolidated, remoulded kaolin specimens, Parry and Nadarajah
(1973) found that the Ifmit state envelope was asymmetric with the K-
consolidation line. This conflicted with earlier work by Graham (1969),
Ohta and Hata (1971) and Crooks (1973) which suggested that the limit
state envelope was approximately symmetric with respect to the K -consol-
idation line. This latter view was confirmed further by Leroueil and

Tavenas (1977) and is now commonly accepted.
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Crooks and Graham (1976), working with the post-glacial organic
silty clays of the Belfast area, determined 1imit state envelopes for
two clays. Additionally, they pointed out the importance of laboratory
reconsolidation to in-situ field stresses and related the energy supp]ied
to a sample after reconsolidation to field stresses, to the 1limit state
envelopes. Similarly, testing by Graham (1974) on sensitive Lyndhurst
clay from Eastern Ontario, confirmed the relevance of limit state, and
further proposed that a 'threshold' total strain energy might be used to
define the limit state condition along generalized stress paths.

A]thqugh these earlier researchers were able to verify the exis-
tence of.11mit state envelopes for various natural clays, and were able
to draw some conclusions about their nature, it was the workers at Laval
University, led by Tavenas and La Rochelle, who were able to synthesize
their observations and those of others in a systematic, coherent model.
Leroueil and Tavenas (1977) examined the limit state envelopes of
thirteen natural clays from various origins and they suggested that the
general shape of the envelope could be characterized by three parameters:
(p;ert)max, which is close to the oedometer preconsolidation pressure;
(pé)iso, which is the Timit state envelope's intersection with the iso-

tropic stress line; and (Su) the maximum undrained strength. They

max?
also showed that the Cam-clay model cannot be applied to natural clays
which have been deposited and consolidated under anisotropic conditions.
This was based on a comparison of the shape of the limit state envelope
for the isotropically consolidated clay of the Cam-clay model and its

shape for several natural clays. The maximum possible ratio of (Pjc,+)max

to (p(':)iso from the Cam-clay model was 1.18, whereas the ratio ranged
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between 1.4 and 1.8 for natural clays. A]so, they suggested that the
effects of ageing and strain rate on the preconsolidation pressure of
natural clays proposed by Bjerrum (1967) apply to the entire 1imit state
envelope.

Tavenas and Leroueil (1977), working with sensitive Champlain Sea
clay, proposed a limit state model which in addition to dea]fng with the
anisotropic nature of most natural clays, also includes the known effect
of time on the preconsolidation pressure of natural clays. They suggested
that the limit state envelope of a natural clay has an e]]ipticaT shape,
is centered on the Ko-consolidation Tine of the normally-consolidated
clay, anﬁ that the position of the envelope is governed by the preconso-
11dationtpressure. Furthermore, they proposed that the 1imit state surface
of a c]a& at any depth can be entirely determined from knowledge of its
éffective friction angle, ¢', and preconsolidation pressure, pé. The
qualitative model of clay behavior based on these proposals has become
known as YLIGHT.

After proposing this model, the workers at Laval produced a
succession of papers dealing with various aspects of the limit state
concept (Tavenas et al., 1978a; Tavenas et al., 1978b; Leroueil et al.,
1979). Tavenas et al. (1978a) examined the use of strain energy as a
limit state and creep criterion in soft clay. They found that the strain
energy could be used to define the 1imit state envelope because a clear
discontinuity exists in the énergy-stress relationship along all stress
paths. However, their study did not find a distinct threshold energy at
which all samples reached 1imit state, as was proposed by Graham (1974).

They also showed that strain energy is a good indicator of the creep be-




-12-

havior of over-consolidated clays. In particular, the rate of dissipa-
tion of strain energy was shown to depend essentially on the relative
position of the creep stresses to the 1imit state envelope.

Attempting to quantify the effects of time on the limit state
envelope, Tavenas et al. (1978b) examined the relationship between the
creep behavior of an over-consolidated clay and its proximity to the
1imit state envelope. They indicated that the creep deformations can best
be described by referring the effective stresses under which these de-
formations develop fo thé 1imit'state-envelope of the clay. In addition,
they proposed the existence of a gehera] stress-strain-time function in
terms of the limit state envelope.

Most'recent1y, Leroueil et al. (1979) have investigated the
effect of 'destructuration' due to consolidation on the limit state
envelope and other mechanical properties of initially intact Champlain
 Sea clays. Intact clays have a grain structure due to the combined
effects of depositional environment, ageing, consolidation, thixotropic
hardening, and possibly cementation. It was concluded in their study
that conso1idation to stresses in excess of the original 1imit state
envelope (i.e. destructuration) modifies the mechanical properties of
the clay, even after unloading to a new over-consolidated state.

Whereas the most recent research by the Laval group represents
movement towards further refining and quantifying the limit state con-
cept, the YLIGHT model st111‘stands as an elegant, though partly contro-
versial, qualitative solution to the development of a conceptual model
"for the mechanical behavior of natural clay soils. It draws on the con-

cepts first proposed by the Cambridge group on the mechanical behavior
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of remoulded soils, and integrates this with research on the limit state
concept in natural clays, and finally combines these with Bjerrum's

ideas on the effect of time on the behavior of clay. The YLIGHT model
involves several concepts which are not in common usage in customary soil
mechanics applications. For this reason, and because it presents an
easily understandable qualitative model of clay behavior, a more detailed
presentation is given in Chapter 2 of this thesis.

As with any model, YLIGHT's validity must be reaffirmed with re-
spect to both old and new investigations of soil behavior. Moreovef, it
must be noted that most of the studies at Laval University were performed
on samples of Champlain Sea clay. Consequent]y, further investigations
are requﬁred to confirm the applicability of the YLIGHT model to other
natural clay soils. In this regard, work has begun at the University of
Manitoba W1th the publication of preliminary results by Baracos et al.
(1979) on the applicability of limit state to the highly plastic clays
of the Winnipeg area. This thesis represents a continuation of that
work. In particular, the present study investigates in more detail the
1imit state concept and makes a preliminary qualitative examination of
the effect of time on the limit state envelope. At this stage, the in-
troduction to the thesis will be concluded with a brief presentation of

the objectives and scope of the testing program.

1.3 OBJECTIVE OF STUDY g

This investigation is part of a larger inquiry into the geotech-
nical properties of the glacial Lake Agassiz clays which underly the

Winnipeg area (Baracos et al., 1979). The larger inquiry was initiated
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in an attempt to better understand the complex behavior of these non-
homogeneous, anisotropic, highly plastic clays. Previous studies of
their geotechnical properties have been done by several investigators,
and are summarized by Baracos et al. (1979). However, recent studies
on other post-glacial clays, for example by Crooks and Graham (1976),
and by Tavenas and Leroueil (1977), have stressed that good quality re-
search into the field behavior of soils requires that minimum distur-
bance occurs during sampling and laboratory preparation of samples. With
this in mind, thiS'study was conducted on samples taken with the block
sampler devised by Domaschuk (1977) and used the careful trimming and
testing procedures outlined in Apﬁendix A.

As mentioned previous]y,»the main purpose of this study was to
investigate the concept of limit state as it applies to Winnipeg clays.
Data was obtained on both drained and undrained triaxial behavior.
Drained stress-controlled triaxial tests were used to examine the Timit
state condition along various stress paths. The results were examined
with reference to the YLIGHT model proposed by Tavenas and Leroueil
(1977) and with regard to the use of different components of the strain
tensor to define the 1imit state condition. Samples which were not
stressed to rupture during the drained portion of the triaxial test were
tested to failure in undrained shear. The undrained part of the test
allowed examination of the following characteristics: the influence of
consolidation history on porewater pressure generation and elastic
moduli; the normally consolidated Coulomb-Mohr rupture envelope; and the
effect of the strain rate on the undrained shear strength.

The drained compression behavior along the K -consolidation line
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was ‘analysed through one-dimensional consolidation tests. >Iﬁ addition,
standard geotechnical classification tests were performed on trimmings
from all triaxial samples.

The laboratory teétiﬁg program consisted of nine, large diameter
(7.6 cm), triaxial compression tests, four oedometer tests, and standard
classification tests. The samples of Winnipeg clay were obtained from
two different depths in a borehole on the site of the proposed Physical
Education Building at the University of Manitoba. Earlier studies by
Baracos et al.(1979) used samples from this borehole and from others on the
same site. A complete review of the testing program and the test results
are presented in Chapter 3. |

Before preceding to the testing program and its results, the
thesis will present in Chapter 2 a more detailed discussion of the

YLIGHT model proposed by Tavenas and Leroueil (1977).
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CHAPTER 2

A QUALITATIVE MODEL FOR THE BEHAVIOR OF NATURAL CLAYS

2.1 THE CONCEPTS OF LIMIT STATE AND CRITICAL STATE

In the first chapter extensive use was made of the concepts of
limit state and critical state to describe models of the stress-strain-
time behavior of clay soils. "These terms, although not new (Schofield
and Wroth, 1968), are not comhon]y used in normal geotechnical engineer-
ing applications and are still the subject of some controversy. They
originated primarily with the workers at Cambridge (Roscoe et al., 1958;
Burland, 1967; Schofie]d.and Wroth, 1968) and from their development of
the Cam-clay model of clay behavior. Tavenas and Leroueil (1977) used
these terms to describe the YLIGHT model for the mechanical behavior
of Champlain Sea clays. Before presenting the details of this model,
the concepts of limit state and critical state will be further reviewed.

Roscoe, Schofield, and Wroth (1958) first established the exis-
tence of 'yield' or 'state boundary' surfaces, and a Critical Voids Ratio
(C.V.R.) Tline. Working with horma]ly consolidated, saturated remoulded
Weald clay, they found that the stress paths of triaxial samples in
either drained or undrained shear follow a surface or three-dimensional
boundary in (p', e, q) space. This is shown in Fig. 2.1 by the drained
stress path DFKC and the undrained stress path DEB followed by tests on
normally consolidated samples. This surface was called the yield surface
and was a state boundary because it separated stress-voids ratio states

which samples could achieve, from those which they could never achieve.



In the case of 1lightly overconsolidated clays, stress pathé rise to the
yield surface and then follow that surface to the end of the test. This
is 1llustrated by stress path GHB in Figs. 2.1(a) and (b). They also
proposed that the termination of these paths at high strains defined a
unique set of points in (p', e, q) space which was called the Critical
Voids Ratio Line. This line is represented by a single critical voids
ratio point, B, in the constant e-plane shown in Fig. 2.1(b). Upon
reaching this 1ine, samples would deform at a constant stress and con-
| stant voids ratio. ‘This steady-state cqndition became known as the
 critical state and the C.V.R. line became the critical state line
(Schof%e1d and Wroth, 1968). It was suggested that both the yield sur-
face and‘the critical state 1iﬁe are chafacteristic of a clay and
applicable under all drainage conditions. In addition, they showed that
the critical state line is a unique function of voids ratio and that the
stresses at critical state satisfy the Coulomb-Mohr rupture criterion.
Later work summarized by Atkinson and Bransby (1978) has suggested
that the critical state concept could be applied to overconsolidated
remoulded clays. In a drained test on an overconsolidated clay sample
the deviator stress, q, first increases to a peak, and then begins to
reduce as the sample dilates until the end of the test. The critical
state, as defined earlier, is a steady-state condition at which large
shear strains occur with constant shear stress and at constant volume.
It is difficult to achieve this steady-state condition in overconsoli-
dated clays because triaxial test data becomes unreliable at large
strains. This is due to the reduction of shearing resistance at larger

strains which tends to concentrate strains in weaker regions of the
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specimen. The concentration of strain leads to the formation of thin
zones of deformation with the specimen; thus bringing into question the
accuracy of strains and stresses based on the assumption of uniform
strains in the sample. However, the validity of the critical state
concept for overconsolidated remoulded clays was confirmed by examining
the direction, at failure, of the stress paths followed by these samples
in (p', e, q) space. The examination indicated that overconsolidated
samples were moving towards the critical state Tine at rates which are
related tb their distance from the critical state line. The stress path,
. followed by an overconsolidated sample, is illustrated by GHB in Figs.
2.1(a) and (b). On this basis, it was proposed that the critical state
line in (p', e, q) space represented the steady state conditions, at
which lafgé strains can occur with no change in stresses or volume, for

both normally consolidated and overconsolidated samples of a clay.

Initially, the concept of a critical state condition at which
large shear strains can occur at constant volume and shear stress, may
have seemed incompatible with the concept of residual strength. However,
this was not the case. It was found that critical state conditions
would seldom develop uniformly in a shearing soil sample. Strains seldom
remain uniform throughout a sample because of the non-homogenecus nature
of most clays,and because of stress rotation caused by hor{zonta1 shear
stresses at the top and bottom of the sample. This leads to the formation
of a thin slip zone over which a sample slides as two distinct blocks.

As a sample fails in this manner it is found that the strength of the

" s0i1 is reduced substantially below the critical state strength (Skempton,
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1964). This strength reduction was attributed to the re-orientation and
gradual parallel alignment of the clay particles after large displace-
ments have occurred in the slip zone. In contrast, the critical state
strength can be thought of as the final state which could be reached by
homogeneous shearing of an element or clay sample in which the arrange-
ment of the particles remained essentially random (Atkinson and Bransby,
1978). The two concebts Were not, therefore, incompatible.

At this point it is useful to examine the relationship between
the Cou]dmb-Mohr rupture criterion and the cfitica] state condition. The
Coulomb-Mohr rupture criterion, first proposed by Coulomb in 1776, is a
.common]y;used expression for the shear strength of soils which describes
“the stress conditions causing failure of a soil element. The shear
strength (t¢) of a soil on a particular plane was expressed as a linear

function of the effective normal stress (cﬁ) on the same plane:
T = ¢' 4o, tan ¢

where ¢' and ¢' are thé effective shear strength parameters, now de-
scribed as the cohesion intercept and the effective angle of shearing
resistance, respectively. The application of this criterion to soft
clays lead to a question as to whether the (o;/c;)max or (0'1--03/2)max
criterion should be used to describe failure. Theoretically, the Coul-
omb-Mohr criterion is a limiting shear stress condition identical to
(o{/o;)max. However, this condition usually occurs at large strains;
whereas the maximum shearing resistance occurs at smaller strains. This

| is especially true when particular efforts are taken to preserve the in-
situ particle arrangement of the clay. For this reason, the two criteria

can lead to different shear strength parameters (Graham, 1974; Crooks

and Graham, 1976).
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Bjerrum and Kenney (1967) pointed out that the two failure
criteria describe different aspects of soil behavior. They stated that
the structure or mechanical skeleton of the clay is the key to this dif-
ference. The maximum shear strength criterion is associated with quasi-
static yielding of the grain structure of the soil at small strains. On
the other hand, the maximum stress ratio criterion represents the dyna-
mic yielding of the clay structure at large strains once a statistically
constant condition of sliding friction between the particles has been
obtained (Graham, 1974) .. Since the maximum stress ratio occurs at re-
latively large strains, it may be reasonably concluded that failure
stress sfatés represented by this criterion are in close proximity to
those defined by the critical state condition.

It has been pointed out by Leroueil et al. (1979) that the deter-
mination of.critical state conditions in overconsolidated natural clays
is difficult. They specified several causes for the difficulty. Firstly,
the critical state condition corresponds to' a homogeneous state of
stress in a clay, whereas shear tests, especially on intact samples,
usually Teads to the formation of a well-defined failure surface which
governs its large-strain stréngfh. Secondly, the stress-strain computa-
tions in a triaxial test are subject to significant error at strains
greater than 5 percent. This is because the corrections commonly used
to allow for cross-sectional area changes and membrane and filter stiff-
ness, are not sophisticated enough. However, Leroueil et al. (1979)
stated that there are some indications that the strength developed at
large strains presents many of the characteristics of critical state.

It was proposed earlier that the maximum principal stress ratio

* This occurs when the number of bonds being formed between clay
particles equals the number being broken in a given time.
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criterion for failure described the ultimate frictional resistance be-
tween soil particles, and was only mobilized at high strains (Bjerrum
and Kenney, 1967). On the basis of this, and the earlier statement
-about the strength developed at large strains representing many of the
characteristics of critical state (Leroueil et al., 1979), it may be
stated that the normally consolidated branch of the Coulomb-Mohr rupture
envelope is close to the critical state line (Fig. 2.2). 1In the over-
consolidated region, samples first reach a maximum deviator stress,
which is a function o% fhe in-situ grain structure of the soil, and
which occurs at small strains. The maximum deviator stress, (o,-04)/2 . .>
represeﬁts the structural strength of the soil's grain skeleton and is
therefore a part of the 'yield' or 'limit state' surface. Further
straining causes a reduction in strength until the maximum stress ratio,
and therefdre critical state,is reached at high strains. These ideas
are illustrated in Fig. 2.2. The concept of the Timit state surface is
discussed further later on in this section.

In summary, it may be stated that the critical state Tine is an
inherent characteristic of a clay, although at times it may be difficult
to reach this condition with normal testing'procedures. In addition,
the critical state line in (p', q) stress space is closely similar to
the normally consolidated Coulomb-Mohr strength envelope. In the model
presented by Tavenas et al. (1977) the critical state replaced the
normally consolidated branch of the Coulomb-Mohr strength envelope
(Fig. 2.2).

Although the concept of critical state presented a useful concep-

tual model for failure, the limit state concept has proved more helpful
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in understanding the behavior of natural clay soils. This idea was
first mentioned by Roscoe et al. (1958) who discovered that for a given
void ratio, e, an undrained test on a normally consolidated, remoulded
clay follows an effective stress path, which defined a characteristic
yield or state boundary line in the (p', q) stress space. This is shown
by stress path DEB in Figs. 2.1(a) and (b). The yield line terminates
at the point on the Critical Voids Ratio line corresponding to that void
ratio. Al1l of the points on the Critical Voids Ratio 1line represent
critical state conditions. In addition, Roscoe et al. (1958) found
that the stressvpaths followed by both drained and undrained triaxial
tests tréversed a three-dimensional yield éurface in (p', e, q) space
until reaching the critical state line (Fig. 2.1). States outside
thisvsurfaCe in (p', e, d) space were not possible. It was noted that a
truly isotropic, normally consolidated clay will not have a yield surface
lying outside its consolidation state in (p', e, q) space. This was be-
cause the grain structure™ of such a clay is randomly oriented and
strictly a function of its consolidation stress level. The application
of stresses higher than these consolidation stresses caused an immediate
breakdown and readjustment of the grain structure or mechanical skeleton
of the clay. This breakdown of the grain structure was known as yield-
ing; hence the term 'yield surface'.

It is important to note the difference between a yield surface
and a yield envelope. A yield envelope may only be defined in a constant

voids ratio plane, such as the constant e-plane in Figs. 2.1(a) and (b).

*
Grain structure may be defined as the physical arrangement of the

soil particles of the clay.
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The shape of the yield envelope at different voids ratioé is similar,
but the size of the envelope varies with e. For instance, in Fig.
2.1(c) the yield envelopes corresponding to the void ratios at points

D, F, K, and C are shown. In an undrained test the void ratio is con-
stant and therefore the stress path will follow the yield envelope for
that voids ratio until the path reaches the critical state line. 1In
contrast the voids ratio constantly changes in a drained test. This is
shown in Figs. 2.71(a) and (c) by stress path DFKC. Consequently, a
drained test on a normally consolidated clay follows a three-dimensional
yield surface defined in (p's e, q) space. This surface is the aggregate
of the yfe]d‘enve1opes found at each different voids ratio. As Fig.
2.1(c) shows, the stress path in a drained test on a normally consoli-
dated clay is always on the yield envelope corresponding to its voids
ratio at that point in the test.

The use of the term 'yield' to describe the behavior of soils has
recently been the subject of some controversy. This term is most often
used in applied mechanics to describe the change from elastic to plastic
behavior. It is therefore somewhat misleading to use it in conjunction
with clay soils where purely elastic or plastic behavior does not occur.
As yet the terminology has not been standardized. However, for the
remainder of this thesis the term 'limit state' will be used synonymously
with the term 'yield'.

Later investigators (for example, Mitchell, 1970; Crooks and
Graham, 1976; Tavenas and Leroueil, 1977) showed that yield envelopes
could be defined in (p',q) stress space for natural clays. However, the

yield envelopes for these natural clays were found to exist at stresses
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higher than those corresponding to in-situ levels. The grain structure
of a natural clay is affected by several factors including: depositional
environment, ageing, thixotropic hardening, leaching, and in some cases
cementation (Tavenas et al., 1979). It is known that most natural clays
have developed a grain structure which is over-competent (Bjerrum, 1967;
Graham, 1974; Crooks and Graham, 1976). That is, the clay can withstand
stresses somewhat higher than its in-situ stress levels without an
appreciable breakdown or 'yield' of its grain structure.

The causes for fhis over-competency are many. Overconsolidation
due to off-loading, dessication, and groundwater level changes cause the
clay structure to adjust to higher stress levels. When these stress
levels afe subsequently decreased the grain structure does not change by
a corresbonding amount. Thisl1eaves the clay with a reserve resistance,
above the structural strength it would have had at lower stress level if
it had remained normally consolidated. Bjerrum (1967) has shown that an
over-competent structure has developed in Norwegian clays by a combina-
tion of the following: depositional environment and subsequent geochemical
changes, and delayed compression.or ageing. In addition, cementation has
been shown to cause an over-competent structure in some Canadian clays
(Samgrey, 1972).

In order to apply the yield envelope concept to natural clays it
was necessary to define exactly what constituted yield for these clays.
For the normally consolidated clays examined by Schofield et al. (1958),
yielding or structural breakdown occurred immediately on the application
of additional stresses above in-situ levels. However, natural clays have

developed an over-competent grain structure which does not break down
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immediately on the application of stresses larger than those in-situ.

A generally accepted definition for the limit state or yield
envelope of a natural clay is the set of points in (p', q) stress space
inside which strain, strain rates, and porewater pressures are low, and
outside which all of these parameters are much higher (Baracos et al.,
1979). States of stress inside this envelope. produce a stiff and largely
recoverable response associated with the static or small strain readjust-
ment of the grain structure of the clay. States of stress 6utside the
~Timit state enve]oﬁe, in (p', q) space, but on the limit state surface
in (p', e, q) space, produce é more compressible and irreversible re-
sponse aﬁsociated with the dynamic or large strain readjustment of the
clay strﬁcture by a statistically constant condition of sliding friction
between particles (Graham, 1974). This behavior is most easily observed

in one-djmensiona] consolidation tests where it is manifested as the
standard p (i.e. preconsolidation pressure) break in the voids ratio-
effective vertical pressure semi-logarthmic plot. Consequently, the
introduction of the concept of 1imit state envelope in a clay is only a
generalization of the overconsolidation effect measured in the oedometer
test.

The difficulty of finding a method for determining the 1limit state
envelope has been reviewed by Tavenas et al. (1978a). For some time the
most accepted method of finding the envelope has been the incremental
loading of drained triaxial samples along a series of stress paths re-
presenting various loading systems in the field. The Timit state stresses

are defined by examining various stress-strain relationships for a
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bi-linearity which distinguishes pre-1imit state from post-limit state
behavior. However, no unique stress-strain criterion has been found
that defines 1imit state along all stress paths. Baracos et al. (1979)
pointed out that 1imit state in tests involving generally increasing
shear stresses can be most easily defined by plotting o, versus g,
whereas tests with increasing cell pressures required graphs of o,

Versus €5, Or o) versus e_. Additionally, following an earlier

ct
suggestion by Graham (1974), Tavenas et al. (1978a) have shown the
scalar, 'strain energy absorbed per unit volume', plotted against octa-
- hedral normal stress can provide a useful limit state criterion, which
is app]icab]e to all stress paths. The problem of defining 1imit state
is examined later in this thesis.

With regard to finding the 1imit state envelope for an undisturbed
natural clay, an assumption inherent in all previous work is that the in-
situ voids ratio of the clay does not change significantly prior to the

clay reaching the limit state envelope corresponding to its in-situ voids

ratio. If, however, voids ratio changes occur and are more significant

along certain stress paths than others, the limit state envelope defined

by drained stress probing would be skewed to the constant e-plane limit
state envelope, shown in Fig. 2.1(a).

Prior to the work by Tavenas and his co-workers at Laval Univer-
sity (Leroueil and Tavenas, 1977; Tavenas and Leroueil, 1977) limit state
(i.e. yield) envelopes for various clays had been found (for example,
Mitchell, 1970; Crooks and Graham, 1976), but an overall picture of the

nature of the limit state envelope for a clay and the factors affecting
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it had not been drawn. The next section presents the model developed by
the Laval workers and a discussion of the factors affecting Timit state

and critical state.

2.2 THE YLIGHT MODEL

On the basis of their own work and that of others, the workers at
Laval University were able to come to several important conclusions
about the nature and shape of the limit state envelope for natural clay
soils (Leroue11 ét a].;'1977). In addition, they have shown that the
known effects of time (Bjerrum, 1967) can be accounted for in their model.
This behavioral model, known as YLIGHT, was initially proposed for Champ-
lain Sea clays (Tavenas and Leroueil, 1977). 1Its applicability to all
natural clays appears promising and is presently being evaluated. This
section presents a detailed examination of the model and the logic be-
hind it.

The deposition and consolidation of matural clays has been shown
to be anisotropic with a constant stress ratio (i.e.0y/0)), at least
during the early stages of consolidation (Salah and Krizek, 1976). As a
result of this stress anisotropy the structure of a natural clay was
found to be anisotropically arranged. Therefore it was reasonable to
accept that the 1imit state envelope of natural clays should be approx-
imately centered on the Ko—consolidation line (Graham, 1969; Ohta and
Hata, 1971) and not on the isotropic 1line, as the work on remoulded clays
had indicated (Schofield and Wroth, 1968). In addition, it was known
that the coefficient of earth pressure at rest, K, is a function of the

normally consolidated friction angle, ¢'. For example, Jaky's empirically
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derived formula for K,, as described by Tavenas et al. (1977), was:
Ko = [(1+5 sing')/(1+sing")] (1 - sing’).

Accounting for this and their own test results, Tavenas and Leroueil
(1977) stated that the limit state envelope of a natural clay has an
elliptical shape, centered on the K -consolidation line of the normally
consolidated clay, and the position of the limit state locus along that
1ine was governed by the preconsolidation pressure (Fig. 2.2). In fact,
the intersection of the 1imit state envelope and the K, line corres-
ponded roughly to pi. They concluded that the 1imit state surface of
a natura1 clay was completely determined by its effective angle of
shearing resistance, ¢', which governed the K, stress condition during
deposition, and by its preconsolidation state of stress with its corr-
esponding voids ratio.

With regard to the shape of the 1limit state envelope, Tavenas et
al. (1977) found that the general shape of the 1imit state envelope for
a natural clay can be characterized by three important soil para-

meters: , which is the maximum vertical pressure to which the

( pxlzert) max
~clay has been exposed and which is close to p. from the oedometer test;
(PL)is0> Which is the 1imit state stress in isotropic compression; and

(Sy)maxs Which is the maximum undrained strength of the clay. These
parameters, along with a typical 1imit state envelope and critical state
envelope for a natural clay, are presented on the (p', q) stress space
in Fig. 2.2.
Earlier in this section the magnitude of the preconsolidation

pressure was shown to govern the position of the limit state envelope in

stress space. Consequently Tavenas et al. (1977) concluded that all
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- factors affecting the preconsolidation pressure would also affect the

entire 1imit state envelope. It was in this regard that the work of
Bjerrum on the effects of time on pfeconso]idation pressure was intro-
duced. Bjerrum (196]) pointed out that with increasing time, the voids
ratio of a clay at constant effective stresses decreased due to second-
ary compression (Fig. 2.3). This caused a 'quasi-preconsolidation' pres-
sure to develop over-and-above any preconsolidation due to usual over-
consolidation phenomena, such as desiccation, unloading, or groundwater
table movements. The 'young', normally consolidated clay at an effec-
tive vertical pressure of p) has a void ratio of e,. With the passage
| of time, secondary or delayed compression occurs, due to time-dependent
adjustments of the soil structure at constant effective stresses. The
rate of decrease of the voids ratio was approximately proportional to
the Togarithm of time. 7This leads to a more stable arrangement of the
soil particles with a greater strength and reduced compressibility.
After a period of 10,000 years, corresponding approximately to the geo-
logic age of many post-glacial deposits,”the void ratio of the clay has
decreased to e;. The clay then is classified as an 'aged', normally
consolidated clay and exhibits a quasi-preconsolidation pressure of pg,
as shown in Fig. 2.3. This same process of ageing occurs in overcon-

solidated clays where part of the preconsolidation pressure is due to

Bjerrum (1973) indicated that the value of p; for a given time of
loading increased in proportion to the value of p,. He showed that since
the (ps/ps) ratio depends on the amount of secondary compression and

since, for a given time, the amount of secondary compression increases
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with plasticity index of the clay, then the ratio of (pé/pé) increases
with plasticity index. In addition, he indicated that the ratio of
(su/pé) increased with plasticity index for both young and aged clays.
These two relationships are shown in Figs. 2.4(a) and (b).

Tavenas et al. (1977) combined the relationships given by
Bjerrum (1973), as shown in Figs. 2.4(a) and (b), to produce the broken
line shown in Fig. 2.5. This broken 1ine describes the relationship be-
tween the ratio (su/p' and the plasticity index. Its importance

c’aged

lies in the fact that it was nearly identical to the (s _/p') Tine.
u’ "o’young

Because of this, they stated that the increase in strength, due to age-
ing, is proportional to the increase in pé. More generally, they stated
that ageing would cause not only an'increase in pé, but also an homothe-
tic (i.e. geometrically similar) displacement of the entire limit state
envelope.

With respect to strain rate Tavenas et al. (1977) confirmed the
effect of rate or duration.of loading on the preconsolidation pressure
and the 1imit state envelope. By means of oedometer tests, similar to
those of Bjerrum (1967), they showed that the preconsolidation pressure

of a clay is reduced if the duration of loading is increased. Similarly,un-

drained triaxial tests at different strain rates indicated a reduction

in strength as strain rate decreases. The magnitude of the displacement
of the Timit state envelope indicatéd a relatively homothetic movement
with time. On this basis Tav?nas et al. (1977) showed that the known
effects of ageing and strain rate on p; applied to the entire 1imit state
envelope. This hypothesis that the time-dependent behavior of a clay is
completely described by the time-dependent displacement of its limit

surface was also confirmed by Tavenas et al. (1978b).
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The YLIGHT model for the stress-stréin-time behavior of a natural
clay can be summarized by the fb]lowing:

1) the limit state envelope has an elliptical shape centered on
the Ko-conso11da£ion line of the normally consolidated clay;

2) the position of the 1imit state envelope in stress space is
governed by the magnitude of the preconsolidation pressure;

3) the 1limit state envelope of a natural clay can be qualitati-
vely determiﬁed by its effective friction angle, ¢', which governs the
Ko stress condition of the normally consolidated clay, and by its pre-
consolidation state of stress;

4) the limit state envelope can be quantitatively situated in

stress space with knowledge of the parameters (s o> and

u)max’ (pc':)is
(Pyert)max> and the K -consolidation line (see Fig. 2.2);

5) the limit state envelopes at different depths and thus diff-
erent pé values are all homothetic; and finally

6) the critical state line, as used in this model, is identical
to the large strain, normally consolidated Coulomb-Mohr strength enve-
lope.

It should be noted that further testing is required to confirm
the general validity of this model for all natural clays. In particular
the elliptical shape of the 1limit state envelope needs further investi-
gation.

In this section the YLIGHT model and some of the thinking behind

it has been presented. In the following section the qualitative predic-

tive value of the model is examined by means of an example.
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2.3 THE IMPLICATIONS OF THE MODEL

The importance of the YLIGHT model and the clarity with which it
allows a qualitative understanding of clay behavior is best presented
in an illustration. The example following was first presented in the
1977 paper of Tavenas and Leroueil.

When a clay is first deposited, its effective angle of shearing
resistance and e-log p' relationship depend on its mineralogy, and the
physical and chemical conditions present during its deposition. A clay
with an effective angle of shearing resistance, ¢', and an e-log p' re-
lationship is shown in Fig. 2.6. As deposition of the clay occurs, the
clay is exposed to increasing vertical overburden stresses, p), and
corresponding horizontal stresses, K, p,.  That is, consolidation takes
place under anisotropic stress conditions. At the end of the deposition
process the clay has a void ratio, ey, corresponding to its final effec-
tive vertical stress, pg, and is normally consolidated. Corresponding
to these stresses the clay has a limit state envelope, Y, as indicated
in Fig. 2.6. At this point the in-situ stresses, pg and K pg, corres-
pond to the point of intersection of the 1imit state envelope and K -
line. The in=situ stresses are located on the limit state envelope be-
cause the clay is normally consolidated and further stresses would lead
to a yielding or breakdown of its present structure.

With the development of delayed compression over a period of
10,000 years, the void ratio of the clay reduces from e; to e, at a
constant overburden stress of py. As a result of this reduction of
voids ratio the clay builds up a reserve resistance in its grain struc-

ture over and above that which it has as a normally consolidated clay
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(i.e. the clay becomes over-consolidated). This causes a homothetic
movement of the 1imit state envelope of the clay to Y, , which passes
through point C. Point C represents the apparent preconsolidation
pressure, pé , due to the delayed compression. If, in addition to this,
the clay is off-loaded, for example by erosion or groundwater table
movements, its stress state is then described by point A in Fig. 2.6.

Both the 1imit state envelope and the preconsolidation pressure
of'a clay are time-dependent. The 1imit state envelope, Y_, represents
the limit stéte conditions of this clay when it is normally consolidated
at an effective vertical pressure of pé and has a voids ratio of e;
along its virgin compression 1ine. This envelope indicates the lowest
locus of stresses at which limit state is reached because it is a func-
tion of the normally consolidated grain structure and voids ratio of the
clay. Off-loading to stresses at point A does not change the position
of the 'young' limit state envelope at Y_ . However, if time-effects
cause the apparent preconsolidation pressure of the clay to increase,
the 1imit state envelope moves homothetically to the right to a point
corresponding to the apparent preconsolidation pressure, pl. The value
of p/ is time-dependent and, a§ shown by Bjerrum (1967), decreases with
time. Therefore, with time this 'aged' Timit state envelope, Y, , moves
to the left and eventually approaches Y_ . The implications of this are
discussed in the following paragraphs.

On the basis of Fig. 2.6, constructed with the principles of the
YLIGHT model, the behavior of a clay which is presently at point A in
stress space can be presented qualitatively for any future stress con-

ditions.
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If the clay were submitted to stresses to the left of o along
Y,, failure would occur immediately after reaching the 1imit state
surface, Y,. Failure would be preceded only by small strains since the
1imit state envelope and Coulomb-Mohr envelope coincide in this case.
For stresses to the right of a, failure would occur on reaching the
normally consolidated branch of the Coulomb-Mohr rupture envelope. It
would be preceded by fairly large strains because the stress path
followed would first have reached the 1imit state envelope Y,, and
would then have followed the 1imit state surface until reaching the

rupture envelope (i.e. critical state line).

If stress conditions in zone II were applied, the soil would
suffer large consolidation deformation. As the stress path reaches the
limit state envelope the behavior of the soil would switch from small
strain to large strain. On a stress path following the Ko-consolidation
line, the change in behavior in zone II is represented by the preconsoli-
dation pressure break in an oedometer test using 1 day loading intervals.

Applied stresses in zone III would not lead to failure of the clay
because they are below the Coulomb-Mohr rupture line. In this region
between the 'young' (Y,) and 'old' (Y;) 1imit state envelopes the clay
will develop secondary deformations at a rate associated with the position
of the applied stresses relative to the two 1imit state envelopes.
Stresses in zone III close to Yo would develop only small secondary vol-
umetric deformations. The rate and magnitude at which these deforma-
tions occur is analogous to those produced by stresses below the pre-
consolidation pressure in an oedometer test. As the preconsolidation

pressure is approached, the rate of time-dependent deformation increases.
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This is completely analogous to the rate of volumetric deformation which
occurs as the stresses approach the Y; 1imit state envelope.

A stress condition in zone IV would initially be stable because
it lies below the short-term 1imit state envelope, Y,. However, with the
passage of time the 1imit state envelope will move from Y; to Y,, pass-
ing through any stress level in zone IV and leading to failure of the
clay by creep when its stress level is reached. The loss of strength
with time in this region is exemplified by the reduction of undrained
strength which occurs with a decreased strain rate.

Zone V represents stress conditions which would not cause fail-
ure and under which only small deformations would occur. The Y, Timit
state envelope is the lower strength limit of the clay corresponding to
its grain structure as a normally consolidated clay. At stresses inside
the Y, envelope the clay behaves in an over-consolidated manner with
only limited deformations occurring.

This example provides insight into the usefulness of the YLIGHT
model for predicting the behavior of a clay exposed to various loading
conditions. It is the first model for the mechanical behavior of clay
which allowed some evaluation of the time effects and of possible de-
formations. It was theorized that a separate set of homothetic (Y,-Y;)
Timit state envelopes exist at each depth for a homogeneous deposit of
clay with a given value of ¢' (Tavenas and Leroueil, 1977).

The next section will briefly examine the applications of the
YLIGHT model and the concepts of limit state and critical state to

practical geotechnical engineering.
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2.4 THE APPLICATIONS OF LIMIT STATE AND CRITICAL

STATE TO PRACTICE

At present the major application of these concepts is as a use-
ful conceptual tool for the geotechnical engineer in understanding and
unifying the behavior of clay soils. The YLIGHT model, in particular,
represents the most comprehensive picture of the stress-strain-time be-
havior of natural clay soils produced to this time. The previous
section (section 2.3) has shown that identification of the limit state
envelope and critical state line for a clay gives the engineer a power-
ful means to qualitatively predict the consequences of stress changes
in the soi] along any stress path. An early version of these practical
considerations was given by Crooks and Graham (1976). Although these
concepts’and the YLIGHT model are useful in a qualitative sense, numer-
ical analysis using mathematical relationships based on them has still
not been developed. There are still several problems to be solved be-
fore any form of quantitative analysis based on these principles can
take place. Most importantly, research studies must be performed on
other types of clay soil in order to confirm that the YLIGHT model app-
lies to soils other than the Champlain Sea clays for which it was
developed. This thesis represents one such investigation.

The influence of time on the behavior of clay soils has been the
subject of a large amount of research (for example, Lo, 1961; Leonards
et al., 1964; Bjerrum, 1967). The incorporation of the time dependence
of the limit state surface is probably one of the most satisfying as-
pects of the YLIGHT model. However, in its original presentation, the
YLIGHT model, and in particular dits proposal of homothetic movement of

the 1imit state locus with time, was most speculative. A recent study
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- by Tavenas et al. (1978b) on the creep behavior of an undiéturbed
Tightly over-consolidated clay has shown that the 1imit state surface
was indeed time-dependent for Champlain Sea clays. Further research is
needed to quantify this time dependence.

Having recognized the Timitations of these concepts in terms of
quantitative engineering analysis, it should be noted that these con-
cepts have provided qualitative insights into several present pfactices
in geotechnical engineering. In particular, Tavenas et al. (1977)
illustrated several examp]es of this usage of the YLIGHT model. With
regard to the interpretation of laboratory and in-situ tests, they
stated that the measured shear strength of an undisturbed clay was a
function of the effective stress path followed in the test. As a con-
sequence, the strength measured in any test was only applicable to a
practical problem if the stress paths in the test and the problem were
similar. In addition, they noted that the limit state concept has shed
some light on the analysis of settlements under structures which did not
follow the stress path of an oedometer test. For example, McRostie,
Burn, and Mitchell (1972) showed how the shape of the limit state enve-
lope for Ottawa clay could explain serious consolidation settlements
due to induced moderate horizontal pressures in a tied-back wall.

The most important application of these concepts to date was in
the understanding of the behavior of embankments on clay foundations.
This was thoroughly presented by Tavenas (1979). In this paper he dis-
cussed the Timitations of the present practices used in embankment
design on soft clays. He then used available field observations to

develop a new understanding of the behavior of clay foundations during
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and after embankment construction. The main finding was that clay
response during construction was not truly undrained and that a signi-
ficant consolidation develops initially in an over-consolidated natural
clay foundation. It was not until the effective stress path of the clay
reached the limit state envelope that it behaved in an undrained manner.
However, upon reaching the 1imit state envelope the clay became
'normally consolidated' (i.e. destructured), and was then characterized
by the undrained stress-strain properties of the normally consolidated
clay. Therefore, an undrained analysis based on the properties of the
intact (i.e. structured) clay was not re]evanf. The importance of this
paper waé twofold. Firstly, it provided a better understanding of the
behavior'of embankments on clay foundations. Secondly, it confirmed
that 1imit state and critical state did indeed model the true behavior
of the natural clay foundation. Nevertheless it should be pointed out
that although this work has been widely accepted in general principle,
it is still considered somewhat controversial in some details.

In summary, the concepts of limit and critical state, unified in
the YLIGHT model, present the first useful qualitative model of the
stress-strain-time behavior of natural clays. Prior to its use as a
géotechnica] design tool further research is required to verify and
quantify these concepts in various different natural clay soils.

The next chapter presents the testing program and test results

of this thesis.
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CHAPTER 3

TEST RESULTS

3.1 INTRODUCTION

This study is part of a larger investigation by the geotechnical
group at the University of Manitoba of the geotechnical properties of
the glacial Lake Agassiz clay whiéh underlie the winnipeg'area (Baracos
et al., 1979; Pietrzak, 1979). Specifica11y'the applicability of the
1imit state concept to these clays is examined. The testing program and
test results are pfesented in this chapter.

The investigation was carried out on undisturbed block samples
from the site of the proposed Physical Education Building at the Univer-
sity of Manitoba (Pietrzak, 1979). In accordance with the importance of
minimizing soil disturbance during sampling, good quality samples from
depth were obtained using the block sampler designed by Domaschuk (1977)
at the University of Manitoba. After the block samples were removed
from the ground, they were carefully transported to the laboratory where
they were sealed with saran wrap, cheesecloth, and wax. Subsequently,
they were placed in a moisture controlled storage room prior to testing.
This storage room was not temperature controlled and some temperature
fluctuations were noted during the storage period.

The samples used in the present study were taken in October, 1977
from borehole number three on the site. An average log for the boreholes
on the site was presented by Baracos et al. (1979) and is included in

this thesis as Fig. 3.1. Typically, the soil profile in the Winnipeg
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area consists of a brown silty clay layer 1 m to 2 m thick, an irregular
layer of tan-coloured silt usually less than 1 m thick, followed by a

3 m thick layer of brown clay, and a layer of blue clay 8 m to 10 m
thick. These strata are underlain by tills and Ordovician dolomitic
Timestone. Although this is a typical profile, all layers may not be
present at any given site.

A1l of the samples used in the present study were taken from block
samples in the blue clay layer. The blue clay is medium to highly plas-
tic, has medium stiff to stiff consistency, has no visible fissures, and
contains numerous pockets, or inclusions, of grey silt and some pebbles.
The standard classification data and mineralogy of the blue clay have
been described previously by Baracos et al. (1979).

Although the deposits in the Winnipeg area have not been subject
to any known geologic off-loading, they have been found to have over-
consolidation ratios varying from 5 at the top of the blue clay to app-
roximately 2 or 3 deeper in the deposit (Baracos et al.,1979). This is
probably due to a combination of groundwater fluctuations; suction
pressures associated with drying and freezing mechanisms; delayed com-
pression or creep; and possibly cementation bonding formed at interpar-
ticle contacts by upward flowing groundwater with a high salt content
(Render, 1970).

In order to investigate the applicability of the limit state con-
cept to the blue clay, it was necessary to examine the strains resulting
from applied stress increments up to and beyond the 1imit state envelope
for the clay at a particular depth. To accomplish this, a series of

nine, 76 mm diameter, drained stress controlled compression tests were
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performed on specimens carefully trimmed from two block samples from two
different depths in the blue clay. The trimming was done using equip-
ment designed and constructed at the University of Manitoba and based on
earlier equipment proposed by Landva (1964). Appendix A presents a
detailed outline of the sample preparation and testing techniques used
in the triaxia1 compression portion of this investigation. They are
similar to those used by Crooks (1973), but have been carefully rewritten
to conform,wfth practice currently in use at the University of Manitoba.
Since all sampleé at each depth were taken from the same block sample,
the scatter in the data due to the natural variability of the clay was
minimized.

The first phase of the triaxial compression tests was reconsoli-
dation of the samples to their approximate in-situ stress levels. The
importance of this with respect to preserving the field structure of the
clay has been emphasized by Crooks and Graham (1976). They showed that
plaboratory reconso]idation'stronQ]y'inf]uences the stress-strain behavior
and porewater pressure generation during subsequent shearing of a sample.
In order to simulate as closely as possible the in-situ behavior of the
clay, careful anisotropic reconsolidation to in-situ stresses is
mandatory.

In this regard, there 1s-some difficulty associated with estima-
ting the in-situ effective vertical stresses for the block samples in
this study because the groundwater table f]uctuates with time. Baracos
et al. (1979) stated that the general pattern of overall equilibrium of
groundwater levels in the Winnipeg area is strongly influenced by

seasonal changes and by recurring floods in areas.not protected by the
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Winnipeg floodway. The phreatic surface may vary from ground level

during extremely wet years, to 6 m or deeper (Baracos et al., 1979) in
periods of severe drought. For this reason, the value of p} is diffi-
cult to determine and an average value between these extremes was used

in this study. The effective vertical stress for each block sample was
calculated assuming the phreatic surface at a depth of 3 m and an average
saturated unit weight of 17.5 kN/m® both above and below the phreatic
surface.

The difficulties associated with identifying the in-situ horizon-
tal effective stresses and the value of horizontal stress to use during
reconsolidation have been addressed generally by Graham (1974). More
specifically for Winnipeg clays, Baracos et al. (1979) found that at
stresses below pS, the stress ratio required to keep sample areas con-
stant was approximately 0.65. This value was adopted during the recon-

solidation phase of the present study.

Once the triaxial samples were reconsolidated to approximate in-
situ stressés, the shape of the limit state envelope in (p', q) stress
space was explored. To accomplish this, a series of stress paths were
chosen such that they would define limit state stresses in various
regions of stress space. Along each stress path the stresses were
applied in stages,which were usually maintained for a period of 24 hours
to ensure drainage. During each loading stage the axial and volumetric
deformations were recorded at time intervals similar to the standard
oedometer test (i.e. 1 min, 2 min, 4 min, etc.). The stress increments

along each stress path were constant and based on accommodating a reason-

N L/BRARIES
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state stress level predicted on the basis of the preliminary limit state
envelope determined by Baracos et al. (1979) (see Fig. 3.2). The
samples were stressed well past the previously identified limit state
envelope. In most cases, if a sample had not failed in drained compres-
sion, it was stressed four increments past the previously defined
envelope. At that point the drainage was closed, and the sample was
sheared to undrained failure.

During the undrained shear portion of a test, pore pressure and
cell pressure were monitored with presﬁure transducers, reading to 0.1
kPa, mounted on the cell base. Axial displacements were measured to 0.01
mm with a dial gauge, while a proving ring was used to measure axial
load. Initially, the sample was compressed 1 or 2 percent axial strain
past its maximum shearing resistance, (0,-0,/2),,,. At -that point the
compression machine was switched off and readings of axial load and dis-
placements were taken with time. This so-called relaxation test allows
the relationship between shearing resistance and strain rate to be ex-
amined. After this overnight delay, the sample was sheared to large
axial strains. Subsequently, the failed samples were removed from the
triaxial cell and cut longitudinally. One-half of the sample was stored
in a moist condition for electron microscope examination of its failure
planes for another study. The other half was used to determine the
final moisture content of the sample.

The nine triaxial compression tests on 76 mm diameter samples
were designated T201 to T209. Tests T201 to T204 were performed on
samples taken from block sample 4 at a nominal depth of 8.2 m, and tests
‘T205 to T209 utilized samples from block sample 6 at a nominal depth of
10.0 m.
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In addition to the triaxial compression tests two oedometer tests
were carried out for each block sample. They were designated as C1 to C4.
Tests C1 and C2 were taken from block sample 4. The sample for test Cl
was prepared in the standard manner so that the compressibility in the
direction of the in-situ vertical effective stress was measured. This
procedure was also followed for tests C3 and C4 from block sample 6. In
contrast, the samp]é for test C2 was prepared so that the compressibility
in the directjon of the in-situ horizontal affective stresses was found.

Standard classification tests (hydfometer,grain size analysis,
Atterbergvlimits, and moisture content) were performed from the trimmings
taken from each triaxial compression sample. Furthermore, two specific
gravity tests were done from each block sample. The results of these
tests are presented in Table 3.1 and are in general agreement with the
classification results for the blue clay from Baracos et al. (1979).

The following sections present a more detailed review of the test-
ing program and a detailed quantitative presentation of the test results.

A discussion of the results is presented in Chapter 4.

3.2 TESTING PROGRAM

The drained triaxial testing comprised the largest and most im-
portant part of the investigation. It was essentially divided into two
parts. Part one was basically a pilot series and consisted of tests T201
to T204. These samples were taken from block sample 4 of borehole number
3 at the site and were from a recorded depth between 7.9 and 8.4 m. In
order to define the limit state envelope at this depth in (p', q) stress

space, a set of four stress paths, lying below the Coulomb-Mohr envelope
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previously defined by Baracos et al. (1979), were arbitrarily chosen
(Fig. 3.2). Fig. 3.3 shows the proposed stress paths for the second test
series, T205 to T209. Figs. 3.4 and 3.5 respectively, show the stress
paths which were actually followed in the two test series. In Fig. 3.6
to 3.10 the stress-strain and strain energy plots for samples T201 to

T204 are shown. These will be discussed in section 3.3.2.2.

The triaxial samples were first anisotropically restressed to app-
roximate in-situ stress levels in three increments. Previous preliminary
work by Baracos et al. (1979) had defined an average limit state envelope lﬂj;;ﬁ;
in the blue clay from tests on samples from depths ranging from 6.3 m to
12.3 m. The 1htersection of the proposed stress paths-of Fig. 3.2 with
this average limit state envelope established an expected 1imit state
stress Tevel along each path. The incremental stress levels along each
stress path were determined by allowing six equal increments between in-
situ stresses and the stresses at this expected limit state stress level.
The samples were to be stressed along their respective stress paths un-
til Timit state stresses had been clearly established. Each stress level
was to be maintained for 24 hours at which time it was expected that -}ﬁ;j{f
excess porewater pressures due to loading would have completely dissi- s
pated. Axial and volumetric deformations were recorded with time at each
stress level. At the completion of the drained stress controlled portion
of the test, the samples were transferred to a strain-controlled compres-
sion machine for undrained shearing.
During tests T201 and T202 of the pilot series some anxiety dev-
eloped as to whether complete dissipation of excess porewater pressures

(i.e. consolidation) was occurring in the 24-hour period following the
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application of each new load increment. The plots of volume change
versds the logarithm of time for each stress level of tests T201 and

T202 indicated that at higher stress levels the volume change had not
begun to decrease with log time after 24 hours. This is contrary to the
traditional 'S' shape curve which is predicted by Terzaghi consolidation
theory when a sample has consolidated fully under a load increment. Sub-
sequently it was decided that the 1bad duration of each stress level in
tests T203 and T204 would be determined by the time required for the
*volume change-log time' plot to flatten,and thereby indicate complete
consolidation. The relationship between volume change and time for each
stress 1eVe1 past p; in test T203'1s presented in Fig. 3.11. It was noted
from'these plots that as the stréss level increased, the tendency for the
volume Change-ldg'time plot td flatten off with log time decreased. The
load increment ratios in test T203, in terms of o] ., varied from 1.4

for stress level 4 to 1.1 for stress level 16. It was speculated by the
author, with referencé to earlier work on the effects of load duration
and load increment katio in one4dimensiona1 consolidation (Lo, 1961;
Leonards et al., 1964), that pore pressure generation and dissipation
would not follow standard Tekzaghi consolidation theory in these tests

because of the small load increment ratios app]ied. As a consequence
the volume change-log time plot would not give-any indication of the
end of the consolidation period, and there was no way of differentiating
between the end of consolidation period and the beginning of creep.

To the knowledge of the author, the effect of load duration and
load increment ratio on the determination of yield stresses has not been

investigated by previous researchers. It has been shown by Tavenas et
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al. (1977) in the YLIGHT model -that time, and therefore load duration,
has the effect of shrinking the yield envelope homothetically. However,
previous invest{gators (for example, Graham (1974) and Tavenas et al.,
(1978)) have used the standard 24-hour load duration successfully in
_defining yield envelopes. The assumptioh inherent in their work is that
the majority of the strains occurring'the first 24 hours are due to
creep (not consolidation) and that the majority of the movements occur
during this period. These assumptions depend on the size of the sample
and the load increment ratio. The verification of these assumptions
would require an independent study of its own and is outside the scope
of the presentvstUdy. Due to this, and because previous investigators
have'apparent1y felt these considerations (that is, load duration and
load increment ratio) to be of only secondary influence on the yield en-
velope determination, it was decided that the standard 24-hour load
duration would be adopted in the further tests. These considerations
will be discussed further in Chapter 4.

Test T204 was started with load durations greater than‘24 hours.
However, during its testing the author decided to abandon these longer
load durations in'favou? of-fhe 24-hour period because of the considera-
tions discussed earlier. Therefore, the drained portion of this test
was terminated prior to identifying yield and the sample put in undrained
shear. This completed the pilot test series.

The complete stress-sgrain results for the drained portion of this
series are presented in Appendix B, Tables B.1 to B.4, and in Fig. 3.6
to Fig. 3.11 of this chapter. The axial strains, e,, and volumetric
strains, €y for the drained portion of the tests were calculated using

the original sample dimensions, and the recorded drainage burette and
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dial gauge readings.

Based on the results of the pi]of test series, it was-decided that .
the second series of tests would follow the standard methodology used by
Baracos et al. (1979) and others, (for example, Graham (1974), Crooks and
Graﬁaﬁ (1974), Tavenas et al. (1978a)). Each stress level was applied
for a period of 24 hours. The stress increments along any given stress
path were kept equal and chosen so that a minimum of three to four in-
crements occurred between in-situ stresses and the estimated 1imit state
~envelope. The probosed stress pafhs for the second series, T205 to
1209, are shown in Fig. 3.3. Three increments were used to reach in-situ
stresses. The stress increments along each stress path were established
by assuming four increments between in-situ stresses and the preliminary
1imit state envelope (except test T208 which had five increments). Test
T209 was reconsolidated to in-situ stresses and then put directly into
undrained shear in order to obtain information on the undrained behav-
ior of the c]éy in-situ. The complete stress-strain results for the
drained portioné of these tests are found in Appendix B, Tables B.5 to
B.9, and in Figs. 3.12 to 3.16.

The undrained stress-strain results for test series T201 to T204
and series T205 to T209 are found in Figs. 3.17 and 3.18 respectively.
They are summarized in Table 3.2.

The two oedometer tests associated with each triaxial test series,
were performed using standard one-dimensional consolidation techniques
(Bowles, 1978). A Wykeham Farrance front loading consolidometer was

used and the load increment ratio was 1.6. An initial vertical load of

approximately 3/4 of p, Was used to minimize swelling and perhaps enable a
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more accurate determination of the preconsolidation pressure. The
results of these tests are summarized in Table 3.3 and illustrated in
Fig. 3.19. The following section reports the results of the drained,
stress controlled, triaxial consolidation portion of the triaxial

testing.

3.3 TRIAXIAL CONSOLIDATION

3.3.1 Reconsolidation to In-Situ Stresses
- The 1imit state envelope of a clay is controlled by the in-situ
grain structure of the sbi]. In order to examine the field behavior of
a soil it;is important tohminimize the disturbance of the in-situ struc-
-ture of the soil by careful sampling and laboratory preparation of
samp]es.‘ Although careful sahp]ing and laboratory techniques minimize
disturbance, changes in effective stresses in the soil samples due to
these procedures are inevitable. Therefore, it is required that the
samples be restressed to their in-situ effective stress levels. The
problem of determining the in-situ effective stresses of clays in the
'winnipeg area wés discussed in section 3.1. The effective in-situ ver-
tical stréss for the samples of the pilot series, T201 to T204, was
estimated to be 91.0kPa. For the second series, T205 to T209, it was
106.2 kPa. On the basis of the previous test program (Baracos et al.,
1979), the ratio of horizontal to vertical effective stress during re-
stressing was taken as 0.65. The estimated in-situ stresses were applied
in three equal increments, with at least 24 hours between each increment.
Table 3.4 compiles the results of reconsolidating the samples to

the estimated in-situ stresses. In the pilot series, T201 to T204, the
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strains on restressing were generally low with the maximum Iatera]
strain at in-situ stresses being 0.33 percent. The axial strains at in-
situ'stress levels were all less than 2.33 pércent. In tesf T203 the
small volumetric strain (0.08 percent) and subsequent negative lateral
strain (-0.78 percent) came as a result of an apparently large volume
increase during the first stress increment. The volume decrease in the
subsequent two increments was only slightly larger than the initial
vo]hme increase. vIt is suspected that the initial volume increase could
represent a burette zeroing problem at the start of this test.

The strains on restressing to in-situ stress levels were somewhat
larger in. the second series of tests, T205 to T209. The axial strains
to in-situ stresses were quite consistent for all five samples and were
close to 2 percent. The lateral strains to in-situ stresses were also
fairly uniform and varied from 0.61 to 0.89 percent.

The amount of straining which occurs during restressing is in
part a measure of -the amount of sample disturbance. Crooks (1973) states
that axial strains below 2 percent at po result when a small degree of
disturbance occurs during sample preparation. With regard to this state-
ment the aiial‘strains in these tests of aboyt 2 percent to pj are not
very_good.‘However, if should be noted that these axial strains to pg
are also a reflection of the stress ratios used during restressing and
also changes in the clay during storage. These considerations will be

discussed in Chapter 4. §
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3.3.2 DRAINED COMPRESSION BEHAVIOR

3.3.2.1 Introduction

The proposed effective stress paths to be followed by the samples
in both test series are shown in Figs. 3.2 and 3.3. Figs. 3.4 and 3.5
show the actual effective stress paths and stress levels of the samples
in both series. The development of stresses and strains during the drained
portion of each test is summarized in tabular form in Appendix B.

The purpose of the drained portion of the triaxial tests was to
examine the development of strains as the samples were stressed along
different stress paths. In previous studies (Graham, 1974; Crooks and
Graham, 1976; Tavenas et al.,1977; Baracos et al.,1979),yield or limit
state stresses were identified by stress-strain criteria which depended
on the stress path of the test. For drained tests in which the shear
stress was generally increasing (for example, T201, T202, T207 and T208)
"a plot of (01-03) or o, versus €, could be used to identify yield
stresses for the test. When the shear stress was nearly constant and
only the octahedral stress was incréasing (for example, tests T204 and
T205), a plot of 05 . versus €, or 0} versus €, was found best for iden-
tifying the yield streQSes. .Ih the case of a stress path between these
extremes (for example, T203 and T206), no single criterion Was best for
definfng the yield stresses.

In the earlier work, the 1imit state envelope was defined by the
stresses at which the behavior of the soil changes from a stiff, largely
recoverable response to a more compressible, irreversible response.

This can be manifested in the stress-strain behavior by a bilinear re-

lationship. The intersection of the projection of the linear sections is
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identified as yield or limit state.

| In addition to using various stress-strain plots to identify limit
state, a plot of the scalar 'strain energy absorbed per unit volume', W,
against o;__,,,. has been shown (Graham, 1974; Tavenas et al., 1978a) to

be a useful.limit state criterion. The incremental strain energy absorbed

-per unit volume between two stress levels, A and B, assuming a Tinear

stress-strain relationship,is given by:

MW = ((ojp +01p/2) (€15 - €15) + 2((033+ 035/2) (egp - €5) -

The total strain energy absorbed per unit volume at any particular stress
level is calculated by summing the incremental strain energy absorbed per
unit volume from each preceding stress level. The effective scalar

* is found by summing the changes in ¢’ between suc-

|
stress oy scalar

scalar

cessive stress levels. The value of Oécalar at any stress level is the

length of the stress path on a plot of (q/2) versus p'. The change in

the effective scalar stress between two stress levels is given by:
| Adgcatar = (ap'?+(q/2)%)° -5,

The new stress term was introduced, instead of using O5ct (@s suggested
by Tavenasiet al. (1978a)), because there are some stress paths in which
Ogct 18 coﬁstant. Along these paths a plot of W versus oj,. would not
provide a useful limit state criterion. It should be noted that the
strain energy absorbed to the in-situ stress level is approximately con-
stant for each test series. For this reason it is shown in each test

series (Figs. 3.10 and 3.16) as one data point.

* A more fundamental stress term, identified very late in this in-

» ' - - . |
vestigation, is: Oscalar

state.

= ((80;)%+ (A0y) % + (Acy)2)°-5. It is noted that the
Ogcalar term is not a true 'scalar' quantity. The term is used in this thesis
to identify a empirical parameter which has proved useful in defining limit
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In the following subsections of Chapter 3, the stress-strain
data for each test is examined to determine, if, in fact, there is an
identifiable 1imit state stress at which the behavior of the sample

changes. The pertinent stress-strain plots and the W versus 0S..1ar

plot will be presented in turn for each test.

3.3.2.2 Test Series: T201 to T204

The proposed and actual stress paths for this test series are
presented,invFigs. 3.2 and 3.4 reépective]y, and the complete stress-
strain data is found in Appendix B, Tables B.1 to B.4. In addition, the
triaxia] consolidation results at the end of the drained portion of the
test are summarized in Table 3.5. As was explained earlier (section
3.2), the standard 24-hour load duration for each stress level was not
used in tests T203 and T204, and for the last three stress levels of
test T202. 1In spite of this variation of load duration in tests T202
and T203, yield or limit state stresses were identified along those stress
paths (see Fig. 3.4). However, the drained portion of test T204 was
-was terminated prematurely and yield was not identified along this stress
péth. This section will illustrate the procédures by which the drained
stress-strain data was used to define a yield or limit state envelope.

As showﬁ in Fig. 3.4, test T201 followed a stress path with
generally increasing principal stress difference. Its stress path lay
below the previously defined Coloumb-Mohr envelope and was parallel to
its normally consolidated branch (Fig. 3.2). The stress levels past the
estimated p; were determined such that there were six equal increments
between the in-situ stress level and the previously defined 1imit state

envelope.
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Table B.1 lists the complete stfess—strain results from this
test. The sample was stressed for fifteeh equal increments past P
During the fifteenth increment (at stress level 18)it failed in 'drained
shear' ovérnight, after the 8 hour-reading. As indicated in Table B.1 of
Appendix B, the load duration for each stress level was approximately 24
hours during this test.

To determine the 1imit state point along this stress path, all of
the various available yfe]d criteria were examined. In the case of a
stress path'with generally increasing principal stress difference it is
expeéted that plots of (o0,-03) or o} versus g, wou]d.be the most useful.
Figure 3.6 shows the relationship between o, and ¢, for T201. An initial
Tinear relationship is well-defined and includes stress levels 3 to 13.
A second linear section is more difficult to define because the last
stress level (18) represents the stress-strain state of the sample just
~as it moves off towards rupture. However, a second tentative linear sec-
~tion is shown drawn through stress levels 16 and 17. This allows a yield
or limit state stress point to be.défined as indicated prior to rupture.
‘Figure 3.7 shows the relationship between (01'03) and él. An initial
linear re]atiqﬁshfp is quite evident through stress levels 3 through 13.
However, alsécond linear section is again difficult to determine because
the lack of data points between the first linear section and rupture at
stress level 18. In spite of this,a tentative second linear section is
proposed allowing a yield stress point to be defined as indicated.

Figure 3.8 shows the relationship between Géct and €, for this
test. A bilinear behavior is again noted. However, there is significant

scatter associated with the initial linear section and the second section
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is defined by only thfee data points. For these reasons the intersection
of the two Tines was not considered a valid determination of 1limit state

in this test. It should be noted that on stress paths with generally in-
creasing shear stresses the component of volumetric strain can be small,

and for that reason not useful in defining limit state.

Along some stress paths a plot of o; versus €; has been found use-
ful in defining 1imit state (Baracos et al.,1979). However, for this
test the plot does not reveal a distinct change in behavior of the sample
(see Fig. 3.9). Because €5 is calculated from measured volumetric and
axial strains and contains the experimental error of both, this plot was
found to exhibit significant scattering in almost all tests in this pro-
gram.

Figure 3.10 shows the relationship between strain energy absorbed

per unit volume, W, and the effective scalar stress,o
scalar

» along the

stress paths. For test T201 the plot of W versus cg shows a clearly

calar
definable bilinear behavior.

The yield points defined by the diffefent stress-strain relation-
ships and by the energy criterion are summarized in Table 3.6. By inter-
polating along the stresé path of the test the yield points defined by the
different criteria have been resolved to a common stress component, oéct.
For test T201, the three useful criteria predict 1imit state stresses in
terms of’oo'ct which are within 4 kPa. The range of limit state stresses
along this stress path are shébwn in Fig. 3.4.

In test T201 the sample 'ran away' to failure between 8 and 24

hours after the final stress level was applied. The average axial strain

rate over the first 8 hours of this stress application was 0.56 percent
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per hour. This strain rate is from 0.5 to 2.0 times the strain rates
used in the undrained portion of the other tests in this serfes. For
this reason the stress calculated after 8 hours for the last stress level
have been taken as the critical state stress for this test, and no strain
rate correction has been applied.

The stress path for test T202 is shown in Fig. 3.4 and Table B.2
contains the cdmp]ete stress strain data from the drained portion of
the test. The plots of the various stress-strain data are found in Figs.
3.6 to 3.10. The sample was stressed by seventeen equal increments past
pé. The load duration for each stress level was apprdximate]y 24 hours
except for the last three stress levels,which were applied for 117, 145,
and 264 hours respectively. The Toad duration was increased for these
stress levels because the previously mentioned concern about the effect
of load duration was to be investigated. The sample did not fail during
- the drained portion of this test.

In the plot of o, versus €, ;hown in Fig. 3.6, a distinct bilinear
behavior is observed. An initial linear section is well-defined with
very little scatter. A second linear section with a flatter slope is
. also apparent using stress levels 15, 16 and 17. The intersection of
these two lines marks a distinct change in behavior which is noted as
yield. It is of {nterest tohnote that a line parallel to the second
linear section may be drawn through the final three stress levels which
had longer duration loading. The significance of this will be discussed
in Chapter 4. The plot of (o,-0,) versus e, for T202 (see Fig. 3.7)
produces an identifiable bilinear behavior and yield point also. However,

the construction of a parallel line through the final three stress levels
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is much more tentative. Plots of Géct versus e _ and O3 versus €,, as shown
in Figs. 3;8 and 3.9 respectively, do not produce any identifiable bi-
linear behavior; the behaVior is multilinear and complex. The relation-
ship between W and 0., for test T202 is shown in Fig. 3.10. This
relationship shows a clear discontinuity in behavior which may be inter-
pretted as two linear sections. It is noted that there is a set of
traﬁsition stress levels (10 to 14) between the two linear sections.

Also, a line parallel to the second linear section may again be drawn
“through tHe last three stress levels with longer Toad duration.

The yield points defined by the different stress criteria are
listed in.Table 3.6 in terms of Ooct @long the stress path for this test.
The values of 1imit state produced by the o, versus e, and (o,-0,) versus
€, criteria are almost the same. This is expected beéause the two
criteria are smaller. The yield stress predicted from the energy criter-
ion is somewhat smaller but still within 6 percent of the average yield
stress predicted by the other two criteria.

The stress path for test T203 is shown in Fig. 3.4 and the complete
stress-strain results for the drained portion of the test are found in
Table B.3. As noted earlier, questions about the effect of load duration
on the 1imit state envelope led to this test being conducted with load
durations greater than one day.. The length of the load duration for each
stress level is listed in Table B.3.

Figures 3.6 and 3.7 show the plots of o; and (6, -0,) against g,
for this test. The relationship between o} and €, seems to indicate a
strain hardening bilinear behavior with the change in behavior occurring

at stress level 8. This same interpretation is made from the plot of




-58-

(0,-0,) versus e, in Fig. 3.7. This type of behavior has been noted by
Baracos et al. (1979) in their stress controlled drained tests on Winni-
peg clays. The low principal stress difference along the stress path of
the test makes these two stress-strain plots of Tittle value for defining
1imit state stresses.

The relationship between o] . and e, is more helpful in defining
1imit state stresses along this stress path. An initial linear behavior
is well-defined and includes stress levels 3 through 11. After stress
level 11 there is an abrupt change in behavior and an increased volumetric
straining per incremental loading. Figure 3.11 shows the relationship
between vo]umé change and log time for each stress level past g;. The
very large volume changes recorded for stress levels 12 and 13 are poss-
ibly in error. The error may be due to the generation of gas invthe
sample, or to incorrect readings. It is noted that the '05cr Versus e;' data
points for the final three stress levels (14, 15 and 16) can be joined

to form a straight Tine with a flatter slope than the initial linear
portion through levels 3 to 11. It may be speculated that stress levels

12 and 13vwou1d have been on that same 1ine had the correct volume changes
been recorded. The credibility of the explanation is strengthened when

it is noted that the total volume changes recorded for this test were
larger than the volume change calculated from the change in moisture con-
tent duringvthe test. This point is discussed further in the next chapter.

In Fig. 3.11 it is noted that for stress levels below the Timit
state (stress level 11) a large proportion of the volumetric straining
occurs in the first 24 hours and the rate of volumetric strain seems to

decrease with log time. In contrast at stress levels past limit state a
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substantial portion of the volumetric strain occurs after the first 24
hours and the volumetric strain rate of the sample in log time seems to
approach a constant value.

Figure 3.9 shows the relationship between o; and e; for test T203.
Since €, is calculated from the measured volumetric and axial strains,
it also shows a marked discontinuity at stress level 11. This tends to
confirm this stress level as 1imit state. However, as mentioned earlier,
the scatter associated with the '} versus e,' plots makes their use as

a 1limit state criterion difficult.

The plot of W versus o;c o for this test is shown in Fig. 3.10.

ala
In this case the data does not produce well-defined bilinear behavior.
However, there is a clear discontinuity in the relationship occurring at
stress Tevel 11. This discontinuity can reasonably be taken as the limit-
state stres$ Tevel. The different length of Toad durations for each
stress level probably contributed to the scatter associated with the

plot. In addition, the questionable volume change readings associated
with stress levels 12 and 13 has produced uncertainty in these energy
calculations.

The yield pdints associated with the various stress-strain criteria

are shown in Table 3.6 in terms of’%’ct along the stress path for T203.

and the 'W versus o ' plots

0 ) I .
In this case only the 'oj . versus g, scalar

are useful and they both indicate yield at stress level 11.

The stress path followed by test T204 is shown in Fig. 3.4 and
Table B.4 lists all of the stress-strain data associated with the drained
portion of the test. This test was only carried to stress level 6 along
its proposed stress path. The test was originally begun with the inten-

tion of allowing the sample to consolidate at each stress level until the
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volume changes began to level off on a plot of AV versus log time. How-
ever, as discussed earlier in section 3.2, test T203 showed that this
methodology was only adding ambiguity to the results. For this reason
it was decided to terminate the drained portion of T204 and the pilot
test series at streés level 6;and go on to the next series of tests.
The plots of the various stress-strain criteria (Fig. 3.6 to 3.10) all
show a Tinear relationship for this test up to stress level 6. It is
assumed, therefore, that 1imit state stress along this stress path had
not been reached wheﬁ the sample was put into undrained shear.

On the basis of the limit state stresses identified during these
tests a tentative yield envelope for the blue clay at 8.2 m depth has
been drawn on Fig. 3.4. Because of the 1fmited amount of data the shape
of the envelope could not be determined accurately. The exact shape
has been drawn similar to the previously defined envelope of Baracos et
al. (1979) and is subjective. No attempt was made to draw the envelope
through the yield point identified in test T203. The reason for this
will be discussed in Chapter 4 and is related to the load durations used
during this teét. The branch of the 1imit state envelope in the overcon-
solidated region is defined by one test only and is therefore rather
speculative.

The drained results of the second test series, T205 to T209 are
presented in the next section. The drained portion of the tests in this
series were performed using a standard '24-hour' load duration period

throughout.
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3.2.2.3 Test Series:T205 to T209

The proposed effective stress paths for this series of tests are
shown in Fig. 3.3. Test T209 was consolidated to in-situ stresses only
and therefore did not provide any information on the drained stress-
strain behavior of the soil. In the other tests in this series the
size of the load increment was based on having four equal increments be-
tween in-situ stresses and the previously defined 1imit state envelope.
In the case of T208 five increments were used between in-situ stresses
and the previously defined envelope. The load duration used in all of
these tests was 24 hours.

The actua] effective stress paths followed in the tests is shown
in Fig. 3.5 and the complete stress-strain data for the drained portion
of the tests is given in Appendix B, Tables B.5 to B.9. Figures 3.12 to
3.16 show the relationships between the various stress-strain parameters
for each test. The triaxial consolidation results at the end of the
drained portion of the tests are summarized in Table 3.5.

Test T205 follows a stress path of almost constant principal
stress difference (see Fig. 3.5). For this reason the plot of (0,-0,)
against ¢, for this test (Fig. 3.13) is linear and provides no informa-
tion about limit state. Similarly the relationship between o, and g,
shown in Fig. 3.12 is linear and does not indicate any change in behavior
of the sample as it is stressed along its stress path. However, the

relationship between o;c and e, for this test, shown in Fig. 3.14,is

t
revealing. A distinct bilinear behavior can be identified, with the
second section having a flatter slope than the first (i.e. there is

greater volumetric strain per unit of octahedral stress). The yield
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stress has been indicated on the figure.

"The p]of of o, against e, for thi§ test (Fig. 3.15) can be in-
terpretted in a bilinear manner. However, the scatter of the data
points makes a range of interpretations possible and for this reason a
yield stress was not identified using this stress-strain behavior. In
contrast,the relationship between strain energy absorbed per unit volume
and the effective scalar stress (Fig. 3.16) shows a clear discontinuity
which can be identified as the yield stress. The yield points defined
by this criterion'and by the other stress-strain criteria are summarized

in Table 3.7. There is good agreement between the yield stress defined

by ‘oo versus e,' and 'W versus Ogcalar + The range of possible yield

stresses along the stress path is 1]1ustfated on Fig. 3.5.

'The stress path followed by sample T206 is shown in Fig. 3.5 and
the stress-strain results of the drained portion of this test are found
in Appendix B, Table B.6. The stress path of this test has both princi-
pal stress difference and effective octahedral stress increasing, and
Ties be]ow the previously defined normally consolidated Coulomb-Mohr
envelope. The relationship between o; and e, indicates a distinct bi-
linear behavior. The two linear sections are well-defined and intersect
at the yield point shown in Fig. 3.12. Similarly the plot of (o,-0,)
versus ¢, for this test in Fig. 3.13 indicates a distinct bilinearity
separated by the yield point shown. In the graph of oo versus e, two
linear sections are definable. Although the interpretation of the linear
sections is subjective, there is no doubt that the behavior does change
along the stress path. The yield point interpreted from the plot is
shown on Fig. 3.14. As in earlier tests, the plot of o, versus e, shown

in Fig. 3.15 exhibits too much scatter to be of any use in locating the
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yield point. The strain energy absorbed per unit volume against the
effective scalar stress is shown in Fig. 3.16. There is an obvious
change 1in behavior éhowh, but defining the stress at which it takes
place is subjective due to scatter in the data. In spite of this, a yield
point has been defined from the data and is shown in the figure.

Table 3.7 summarizes the yield points defined by various crit-
erion for this test. There is some scatter but on the whole the values
found show good agreement. The range of yield stresses for the stress
path is shown on Fig. 3.5,

The stress path of test.T207 had octahedral streés ahd principal
stress difference increasing at about the same rate. The sample was
assumed to have failed at stress level 12 after 26 hours. Continuous
axial deformation was occurring at that point. Figure 3.5 dillustrates
the stress path for the test and Table B.7 of Appendix B contains the
complete stress-strain results. It should be noted that there was a
loss of cell pressure for a short period of time during stress level 5
6f this test. The?efore, the stress-strain results at this stress level
exhibits some scatter.

As with tést T201, there is some difficulty in identifying yield
along thié stress path because rupture follows yielding within two or
three stresé levels. For that reason it is difficult tb identify a
second linear behavior prior to rupture. However, there is a definiite
change in behavior of the sample prior to rupture. Figure 3.12 shows
the relationship between o, and €, for this sample. An initial linear
section up to stress level 9 is well-defined, afterwhich the amount of

straining per increment of stress increases markedly. A second linear
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section has been shown through stress levels 10 and 11. The interpre-
tafion of this is subjective, but nevertheless it would not change the
identified yie]d point sigﬁificant]y. The plot of (o,-0,) versus e, in
Fig. 3.13 has been interpreted in a similar manner, and the yield point
found is shown on the figure. The relationship between effective octa-
hedral stress and vo]dmetric strain is shown in Fig. 3.14 and is linear
for the entire range of stresses. The p]ot'of radial stress versus
radial strain for this test shows an‘abrupt discontinuity between stress
level 9 and 10. This is illustrated in Fig. 3.15 and can be interpreted
as a yield point. For T207 the W versus Uécalar plot does not reveal a
distinct yield point. The relationship is shown in Fig. 3.16 and can
only be interpreted as curvilinear without any distinct changes in be-
havior.

The yield points identified by the different criterion for T207
are summarized in Table 3.7 and are in good agreement. They are shown
on the stress path 1n‘F%g. 3.5.

Sample T207 fai]ed in drained shear during the twelfth stress
level. The average axial strain rate over the 26-hour load duration was
0.23 percent per Hoﬁr. This average strain rate is within a factor of 4
of the initial strain rates of the undrained portions of the other tests
in this series. For this reason the stresses calculated at 26 hours and
shown in Fig. 3.5 are taken as the critical state stress for this test.
No correction for strain rate has been applied.

The final drained test in this series, T208, followed a steep
stress path in (p',q) stress space. This is shown in Fig. 3.5, while

the stress-strain results are tabulated in Table B.8 of Appendix B. The
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sample failed abruptly approximately 90 minutes after the application
of the thirteenth stress level. The plots of o, against ¢, and (01'03)
versus €, shown in Figs. 3.12 and 3.13 respectively, may be interpreted
as linear prior to the sample moving to failure at stress level 11.
There is noryield or 1imit state prior to rupture. The graphs of céct

versus e and o, versus €,, shown in Figs. 3.14 and 3.15, also reveal

linear behavior up to rupture. The energy criterion, W versus O calar?

shown in Fig. 3.15, was interpreted as curvilinear and does not indicate
a limit state stress prior to rupture. On the basis of the various
yield criteribn for this test it is concluded that the sample does not
yield prior to failure. The failure stresses are taken as those just
prior to the sample running away after 90 minutes. It is noted that the
average axial strain during this final stress level was 0.56 percent per

hour.

On the basis of the limit state stresses defined in Table 3.7
- for this test series, it was possible to propose a limit state envelope
for the blue clay at the 10.0 m depth. This is shown in Fig. 3.5 and
is better defined than the one from 8.2 m depth. The interpretation of
the shape of the envelope is less speculative because of the increased
amount of daté.

The 1imit state stresses from both the 8.2 m and 10.0 m tests
have been plotted together in Fig. 3.20. An average limit state envelope
can be reasonably drawn through this data and is shown on the figure. It
is noted that this envelope is much larger than the limit state envelope

defined by Baracos et al. (1979) on the basis of samples of the blue clay
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from depths of 6.3 to 12.3 metres. Also, the orientation of the limit
state envelope, as interpreted by the author from the presént data, is
somewhat different. These results will be discussed in Chapter 4. The
next section presents the results of the undrained portion of the

triaxial tests.

3.4 UNDRAINED SHEARING

3.4.1 Introduction

Samp]és whicﬁ had not failed during the drained, stress controlied
portion of their test, wére.then transferred to a strain controlled com-
préssion frame for undrained shearing to rupture. The testing procedures
’associated with the undrained portion of this study are outlined in

Appendix A, sections D and E. These tests provided information on several

aspects of the soil's behavior during shearing under undrained conditions.

In particular, the stress-strain and porewater pressure generation char-
acteristics of each sample were examined. This included examination of
the porewater pressure parameter, Ag, the strain rate parameter, p,_;,
and the elastic modulus,Es,, for each test. In addifion, the failure
stresses found in the test permitted an evaluation of the normally con-
solidated Coulomb-Mohr envelope for the clay at both depths. The fail-
ure stresses from the undrained tests on overconsolidated samples (T204
and T209) were used, in conjunction with the drained stress controlled
data, to identify the 1imit state envelope in the overconsolidated
region. The normally consolidated Coulomb-Mohr envelope and the limit
state envelope for the 8.2 and 10.0 m depths have been illustrated in

Figs. 3.4 and 3.5 respectively. The average envelopes from the samples
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at both depths 1is shown in Fig. 3.20.

- The results of the hndrained sheér tests, as well as those tests
which fai]ed.in drained shear, have been summarized in Table 3.2. The
next section will present the undrained results for each test series in
more detail. A-detailed discussion of the results is found in Chapter

4.

3.4.2 Test Series:T201 to T204

A1l of the tests of this series, except test T201 which failed in
drained shear, wére put into undrained shear at the end of the drained
consolidation phase of the testing. The stress-strain conditions for
each sample prior to undrained shearing are summarized in:Tab1e 3.5. The
undrained stress paths to maximum deviator stresses are shown in Fig. 3.4
for each test and the complete shear test results are summarized in Table
3.2.

The normalised undrained stress-strain behavior for each test is
presented in Fié. 3.17. Samples T202 and T203 were consolidated well
past limit state stresses prior to undrained shearing. Therefore the in-
situ grain structure of the sample had been completely modified and the
reserve resistance associated with overconsolidation had been destroyed.
The stress-strain curves for these tests indicate typical normally con-
solidated behavior. The normalised deviator stress-axial strain plot
shows the deviator stress rising quickly to a peak deviator stress, then
gradually decreasing with increasing axial strain. Sample T202 reaches
maximum deviator stress at 0.58 percent, whereas the maximum principal
stress ratio occurs at an axial strain of 2.3 percent. On the other

hand, sample T203 reached maximum deviator stress at 2.05 percent axial
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strain, and the maximum principal stress ratio does not occur until

axial strains of 10.1 percent. It should be noted that the max mum

principal stress ratio in this test was reached after the relaxation

test, after the initial strain rate that has been approximately doubled.
The é]astic modulus values, Eso*, were 54.1 MPa and 42.9 MPa for

tests T202 and T203 respectively. The value of another useful parameter,

the relative stiffness,(Esol(cl-os)/Z)max, was almost idgntica] in the

two tests (see Table 3.2).

Curves of porewater pressure increase, Mu/g) ., versus g, for
these two tests are similar (Fig. 3.17). They rise fairly rapidly up
to maximum deviator stresses, at which point they increase less rapidily
énd become éubstantial]y constant at large strains. It is noted that
‘the-value of Au/o] , for sample T203 with the flatter stress path (i.e.
closer to isotropic consolidation) is about twice that of sample T202
which underwent more anisotropic consolidation.

It should be noted that both of these samples were allowed to
remain at their final Eonso]idation stresses for a considerable périod
of time prior to undrained shearing. Samples T202 and T203 remained at
their final stresses for 11 and 5 days respectively. In theory, this
period of dé]ayed compression may have allowed the samples to gain some
degree of reserve resistance at their final consolidation stresses. The
stress-strain behavior does not seem to indicate any degree of over-
consolidation, however there is no way of analysing the effect of this

delay period.

*
E;, 1s the secant modulus obtained by measuring the slope of the
(0,-05) versus €, plot from the beginning of shear to 50 percent of
maximum deviator stress.
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As indicated in Fig. 3.4, sample T204 was only stressed three
increments past in-situ stresses in drained shear. The drained consoli-
dation results indicated that the samp]e had not reached 1limit state
stresses prior to undrained shearing (see section 3.3.2.2). Therefore,
the sample was overconsolidated (pé/c;¢= 1.72) and still had some of
the reserve resistance associated with its in-situ grain structure. The
stress-strain behavior of this sample, illustrated in Fig. 3.17, is
more brittle than that of the norha]]y consolidated samples (T202 and
T203). The maximum deviator stress and the maximum principa] stress:
ratio occur concurrently at an axial stress of 2.62 percent. There-
after, the deviator stress falls off abruptly to a much Tower value at
which it rémains essentially constant.

The elastic moduli, E_ , and the relative stiffness E_ /(0 -0 )/2pay
for this test are significantly lower than tests T202 and T203 (see
Table 3.2). This is contrary to what might have been expected. Crooks
(1973) suggested that overconsolidated samples might have a lower rela-
tive stiffness because their field grain structure may have been disturbed
to some extent during sample and laboratory preparation. On the other
hand, samp]és with a new normally consolidated laboratory-formed grain
structure have not been disturbed since formation, and have a relative
stiffness which is strictly a function of their consolidation stress,
o;c. Figure 3.21 shows a plot of relative stiffness versus (ogl) for all
of undrained tests.

The porewater pressure generation during this test is shown in
Fig. 3.17. It rises quickly to a peak at maximum deviator stress, then
drops off abruptly. After this, it decreases only slightly during the

remainder of the test.
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As in test T202 and T203, it shou]d be noted that éamp]e T204
was allowed to consolidate at its final stress level for an extended
period of 9 days prior to undrained shearing. The overconsolidated be-
havior of thelSample may then be due to a combination of two effects.
Firstly, the sample had not been- stressed past its limit state envelope
and therefore retained a portion of its reserve resistance™ due to its
in-situ grain structure. Secondly, the extended period of time at the
last stress Tevel would have allowed the sample to gain some reserve
. resistancé due to delayed compression or creep.

On the basis of the maximum deviator stresses found in these un-
drained test; and the drained tests discussed earlier, the 1imit state
envelope and the normally consolidated Coulomb-Mohr envelope for the
clay at this depth have been found and are shown in Fig. 3.4. Due to
the small amount of data the envelopes established are admittedly tenta-
tive.

The values of the porewater pressure parameter, Ag, for each test
have been tabulated in Téb]e 3.2. Previous work has shown that this
parameter is related to consolidation history, and it is usually plotted
against overcdnso]idation ratio, pé/pé (Baracos et al., 1979). However,
previous work on Winnipeg clays by Baracos et al. (1979) plotted Af
values against (1/010) because of uncertainty about their oedometer re-
sults. The values from this test series are shown on the plot in Fig.
3.22. They exhibit some scatter about the line for 76 mm samples
proposed by Baracos et al. (1979).

In order to investigate the effect of strain rate on the undrained

strength of the soil a relaxation test was performed on each sample after

*
See definition of over-competent structure on page 24.
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approximately one or two percent strain past the .maximum deviator
stress. This relaxation test, first deve]bped by Kenney (1966), is de-
scribed in Appendix A and involves stopping the motor drive at a given
strain and taking readings of stress and strain with time. When the
motor is stopped the sample continues to strain at a decreasing rate
due to stored ehergy in the proving ring. The strain rate effect is re-
presented by fhe parameter R which gives the percent increase in
undrained stfehgth’due to a tenfold increase in strain rate, as rejated
to the strength at a strain rate of 0.1 percent per hour. The values of
this parameter along with the average axial strain during the relaxation
period, € are given in Table 3.2. The average undrained strength
versus the axial strain rate, from the relaxation test data, is shown
in Fig. 3.23. Previous work summarized by Graham (1979) has suggested
that the Py .1 parameter is related to the plasticity index of a clay.
The values of P, , Versus plasticity index for these tests has been
plotted along with other data from Graham (1979) and is shown in Fig.
3.24. This data only confirms the general scatter associated with the
plot.

The next section reviews the undrained tests results from the

second test series.

3.4.3 Test Series: T205 to T209

In this series, only samples T205, T206 and T209 were tested in
undrained shear. The other two samples failed in drained shear. The
undrained effective stress paths to maximum deviator stress are shown in
Fig. 3.5. The stress-strain conditions for each sample prior to undrained

shearing are presented in Table 3.5 and the complete shear test results
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are found in Table 3.2.

| Figure 3.18 shows the normalized undrained stress-strain behavior
for each sample. Samples T205 and T206 were stressed well past limit
state during the drained stress controlled portion of their tests. These
samples were allowed to remain at their final stress for only a short
period (approximately 1 day during back pressuring) prior to undrained
shearing. Consequently no significant amount of delayed compression
could occur and their grain structure was normally consolidated and
strictly a function of the conéo]idation stresses. In both tests the
deviator stress rises gradually to a maximum value at which point it
remains relatively constant for the rest of the test. Sample T205
reached maximum deviator stress at an axial strain of 5.5 percent. The
maximum principal stress ratio was reached at 10.3 percent axial strain
after the initial strain rate had been approximately doubled. Sample
T206 reached maximum deviator stress at an axial strain of 2.3 percent
and maximum prinéipal stress ratio at a slight larger axial strain of
4.6 percent.' The axiai strain rate in this test had been doubled after
the relaxation test and prior to reaching the maximum principal stress
ratio.

The elastic moduli for samples T205 and T206 were similar and had
values of 28.2 MPa and 30.0 MPa respectively. The relative stiffness”
measured in the two tests are also quite close and were calculated as
273 and 262 for samples T205 and T206 respectively.

The curves of normalized porewater 1ncrease,_Au/c;c, versus g, for
these two tests, shown in Fig. 3.18, are of the same general shape with

a gradual increase up to maximum deviator stress afterwhich the porewater

* Defined on page 69.
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pressure increasés only slightly. . As noted in the pilot test series,
the magnitude of the porewater pressure increase during shear seems to
bé a function of the consolidation history. Sample T205 was consoli-
dated under essentially constant deviator stress while the stress path
of sample T206 had an increasing component of deviator stress (see Fig.
3.5). Figure/3.18 shows that the normalized porewater pressure increase
in sample T205, which has a more isotropic stress path, is significantly
higher than.samp]e T206 with more anisotropic consolidation.

As indicated in Fig. 3.5, sample T209 was consolidated only to its
estimated in-situ stresses and then put into undrained shear. Reconsoli-
dation to in-situ stresses preserves the grain structure of the soil in
the field and allows its in-situ undrained behavior to be examined. The
undrained stress-strain behavior of the sample during this test is
shown in Fig. 3.18 and summarized in Table 3.2. The maximum deviator
stress and maximum principal stress ratio occur together at an axial
strain of approximately 2.1 percent. After reaching this peak the
deviator stresé decreases abruptly and eventually levels off at high
strains. The porewater pressure behavior is similar showing a peak value
at an axial straih df 1.6 percent, followed by an abrupt decrease and
eventually a constant value. This behavior is characteristic of a
lightly overconsolidated sample. The average overconsolidation ratio,
p;/cic, from the oedometer testing presented in the next section, is
2.57. The elastic modulus and relative stiffness for this test are 8.5
MPa and 171 MPa respectively.

The values of the porewater pressure parmater, Ag, for the un-

drained tests of this series have been plotted on Fig. 3.22 with those
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of the pilot series. As previously observed, the results from these
teéts do not fit the relationship proposed by Baracos et al. (1979)

very well. However, it is noted that the results of T205 and T206 could
reasonably lie on the projection of the proposed 1ine for 76 mm samples.

The values of relative stiffness versus (o/7') for the tests
of'this series are shown plotted on Fig. 3.21. As with the results of
the pilot series, the values are not in good agreement with the line by
Baracos et al. (1979).

A relaxation test was carried out for each undrained test of this
series and the results are shown in Fig. 3.25. It is of interest to
note that the strain rate effect for the two normally consolidated
.samples, T205 and T206, are closely similar. The values of the strain
rate parameter, P,.,;» are listed in Table 3.2. They are plotted against
plasticity index on Fig. 3.24 along with the tests of the earlier series.
These values seem to indicate that a good correlation do not exist be-

tween p and plasticity index.

0.1
Using the shear stfengths obtained from these undrained tests and
the previous information from the drained tests, the limit state envelope
and normally consolidated Coulomb-Mohr envelope for the clay at a depth
of 10.0 m have been tentatively identified in Fig. 3.5.

Figure 3.20 shows the 1imit state stresses and undrained strengths
identified in both series of tests. On the basis of all tests in this
study it is reasonable to form an average limit state envelope for
samples from both the 8.2 and 10.0 metre depths. This is shown on Fig.

3.20. In addition an average normally consolidated Coulomb-Mohr envelope

for both depths has been drawn. The effective angle of shearing resis-
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tance determined»ffom,this line is 18° and the effective cohesion inter-
cept is zero. This compares with a ¢' value of approximately 20° and an
effective cohesion intercept of 2 kPa for the 76 mm samples in the
recent study by Baracos et al. (1979).

The fina]isection of this chapter presents the results of the

one-dimensional consolidation tests.

3.5 ONE-DIMENSIONAL CONSOLIDATION

Four oedometer tests were performed on 63.5 mm diameter samples
which were trimmed from the same block samples used in the triaxial
compression portion of this study. Standard one-dimensional consolida-
. tion testing techniques (see Bowles, 1978) were used in all tests, ex-
cept that an initial vertical load of’3/4 of p, was adopted to minimize
swelling and the load increment ratio was set at 1.6. The results of
these tests are summarized in Table 3.3 and the e-log o;, curves are
shown in Fig. 3.19.
| Tests C1 and CZ were performed on samples taken from a nominal
depth of 8.2.m. Sample C1 was tfimmed such that the compressibi]ity‘of
the clay in the direction of the in-situ effective vertical stress was
measured. In contrast, sample C2 was prepared such that the compress-
ibility in the direction of the in-situ effective horizontal stress was
measured. The preconsolidation pressure, pé, and the compression index,
C.» for these two tests were determined from the e-log oy, curves in Fig.
3.19 and are listed in Table 3.3. The values of pé for tests Cl and C2
are both 270 kPa and were determined using the Casagrande construction.

Due to the rounded nature of the curves and the slight concave upward
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curvature 6f the virgin consolidation lines of these curves, the p.

values are difficult to estimate. A distinct p break is common for
senéitive clays and é more rounded curve from these clays 15 usually an
indication of poor sampling and/or trimming techniques. It is not clear
whether this is the case for the tests shown in Fig. 3.19. It also is
possible that the age of the samples and poor temperature control, during
storage could have contributed to the lack of a distinct pS break in these

e-log o, curves.

Based on fﬁe e;tjmatéd in-situ effective vertical stress and the
pé value from tést C1, the overconsolidation ratio of the blue clay at
the 8.2 m depth is 3.0. Using this value of overconsolidation ratio and
an average plasticity indéx of approximately 50 (see Table 3.1), the
coefficient of earth pressure at rest, Ky» should be about 1.05 (Brooker
and Ireland, 1965). It is of interest to note that the ratio of the
maximum horizontal to maximum vertical effective stress determined from
the p; values of tests C1 and C2 has a comparable value of 1.0.

The values of the compression index, C.» from tests C1 and C2 are
0.90 and 0.86 respectively. The value of C. from test C1 agrees with
the earlier values of C. in the blue clay which varied from 0.63 to 1.07
(Pietrzak, 1979).

Samﬁ]es C3 and C4 were taken from a nominal depth of 10.0 m and
were both oriented such that the compressibility in the direction of the
in-situ effective vertical stresses was being measured. The e-Tog oy
curves are shown in Fig. 3.19 and the results are tabulated in Table
 3.3. The curves are closely similar and exhibit the roundness and con-

cave upward curvature found in tests C1 and C2. The p. values were 280
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kPa and 265 kPa for tests C3 and C4 respectively. The compression in-
dexes were 0.73 and 0.65 respectively.
The average value of p from both depths, using tests C1, C3,
and C4, is 272 kPa. The relationship between this value and the average
1imit state envelope shown in Fig. 3.20 will be discussed in Chapter 4.
| This concludes the presentation of the test results. The next

chapter will discuss these results and their possible interpretation.
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CHAPTER 4

DISCUSSION OF TEST RESULTS

4.1 INTRODUCTION

The main object of this research was to examine.the applicability
of the 1imit state concept to the plastic, anisotropic, Lake Agassiz
clay of the Winnipeg area.

As described in an earlier chapter, the hypothesis on which this
concept 1is based, proposes that the stress-strain-time behavior of a
natural c]ay in the field is to large extent controlled by its particle
(or grain) structure. The particle structufe of a natural clay is a
function of its depositional environment and adapts to sustain the maxi-
mum stresses applied during and after its deposition. For most natural
clays, this Teads to an anisotropic particle structure. At some point
during the history of a deposit, apparent overconsolidation can occur by
one or a combination of thé’following factors: off-loading, groundwater
Tevel movements, delayed compression, the formation of cementation bonds,
or desiccatfon. This overconsolidation leaves the clay with a reserve
resistance over and above the particle structure strength corresponding
to its in-situ stress level. When soil elements are stressed above their
field overburden stresses, the soil initially behaves in a rather elastic
manner with only small strains occurring. This is due to the overcompet-
ent particle structure of the soil. However, at some limiting stress
level (defined as limit state), the particle structure begins to yield or

breakdown, with accompanying higher strain rates and porewater pressures.
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Therefore, the particle structure can be seen to play an important role
in the initial stress-strain behavior of a soil subjected to changing
stresses from civil engineering works.

The 1imit state envelope is a function of the particle structure
of a soil. It is the locus of stress states in (p', q) space at which
the soil changes from essentially small strain, pseudo-elastic behavior
to a larger strain, more plastic behavior. At 1imit state stresses, the
maximum small strain reéistance of the particle structure is mobilized and
a significant number of localized failures at the points of -the 5artic1e
contact begin to occur.

Limit state énve]opes have been established for a number of
natural clays. However, with the exception of the work on Belfast estua-
rine clays (Crooks and Graham, 1976), the clays in these studies have
been either sensitive or cemented (Mitchell, 1970; Graham, 1974; Tavenas
and Leroueil, 1977) and represent extreme examples of the effect of
particle structure. On the other hand, Winnipeg clays are generally
accepted to be of low sensitivity and have not been identified as being
cemented. The extension of the 1imit state concept to include Winnipeg
clays is a significanf step towards verifying its applicability to all
natural clays. The work described in this thesis suggests that Winnipeg
clays do have an in-situ particle structure which governs its initial
stress-strain response to varying stress conditions.

The 1979 paper by Baracos et al. described, for the first time, a
Timit state envelope for Winnipeg clay. In that study, an average limit
state envelope was drawn through data from undisturbed clay samples taken

from depths between 6.3 m and 12.3 m (see Fig. 4.1). The envelope was
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well-defined for stress paths with increasing shear stress but was
poorly defined for those with increasing octahedral stresses.

The present study has extended the initial study by defining 1imit
state envelopes for the Winnipeg clay at depths of 8.2 m and 10.0 m at
the same site (Fig. 4.1). In addition, the drained test results showed
that strain energy provides a useful limit state criterion along any
generalized stress path.

The following sections discuss the results of the test program in

detail.

4.2 DRAINED COMPRESSION RESULTS

4.2.1 Defining Limit State

A major problem in determining the limit state envelope of a clay
is establishing a criterion by which 1imit state stresses are identified.
Originally limit state stress condition was determined by observing the
development of Vo]umetric strains,ev » in drained stress controlled tests
(Tavenas et al., 1978a). Limit state was the stress condition at which
the effective octahedral stress-volumetric strain relationship changed
from an initially linear, small strain behavior to more plastic behavior.
This stress condition was identified on the stress-strain plot as the
intersection of the two Tinear sections which defined the initial elastic
and subsequent more plastic behavior. However, along certain effective
stress paths volumetric strains can be zero, and along others it may ex-
hibit only unilinear behavior. For this reason, the criterion could not

be used to define Timit state along all stress paths.
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In test series T201 to T204, the Ogoct VErsus g, Plots, shown in
Fig. 3.8, only produced an identifiable Timit state stress in test T203.
The stress path for test T203 is fairly flat in (p', q) stress space and
has an increasing component of effective octahedral normal stress (Fig.
3.4).

In test series T205 to T209, the relationship between effective
octahedral normal stress and volumetric strain was useful in defining
limit state for test T205 and T206 (Fig. 3.14). Both of these tests
follow stress paths with a generally increasing component of effective

~octahedral normal stress (Fig. 3.5). Therefore, it is seen that along

increasing significantly, the 'c!

stress paths with ¢! oct

1
oct versus €y

plot is a good 1limit state criteria.
It was suggested by Crooks and Graham (1976) that another compon-
ent of the stress tensor be used to determine 1imit state along stress

paths in which the 'c'

oct versus e.' plot was not helpful. Figures 3.6,

3.7 and 3.8 showed plots of 'c, versus ¢,', '(o,-0,) versus ¢,', and
‘o, versus g’ respectively, for test series T201 to T204. Along stress

paths T201 and T202, which have generally increasing shear stress, the

plots of o, or (o,-0,) versus e, provided identifiable limit state stresses.

However, in test T203 1imit state could not be identified from these plots.

In fact, a strain hardening type of behavior was found at stress level 8
in this test. The plots of o, versus e, for all of the tests in this
series exhibited a fair amount, of scatter and were not useful in identi-
fying yield.

Figures 3.12,3.13, and 3.15 show plots of 'o; versus e,','(0,-0,)

versus ¢,', and 'o, versus e¢,' respectively, for test series T205 to T209. Again

it was along the stress paths of generally increasing shear stress, T206 and T207
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(see Fig. 3.5); that the plots of o; or (o;-0,) versus ¢, prbduced an
identifiable 1im1t state stress. The plots of o} versus g, for this

test series were not useful in identifying 1imit state except in the

test T207. On this basis, it is seen that plots of (01-03) or g, versus
€, provide a good 1imit state criterion for stress paths in which deviator
stress is generally increasing.

The 1imit state stresses determined from various stress-strain
criteria are summarized in tables 3.6 and 3.7 for test series T201 to
T204 and T205 to T209 respectively. It was observed that the limit state
condition predicted by the different criteria were fairly close but not
identical. Tavenas et al.. (1978a) have suggested that the 1imit state
stresses defined by the various strain comﬁonents are frequently not
identical. On the basis of tables 3.6 and 3.7, this point can be neither
~confirmed nor refuted. However it is certain that no one strain component
can be used to define 1imit state stress along all stress paths.

It is for this reaSon.that Tavenas et al. (1978a), following a
suggestion by Graham (1974), prdposed using strain energy as a limit
state criterion. By plotting the strain energy absorbed per unit volume,
W, against effective octahedral normal stress, all the components of the
strain tensor were combined into a single limit state criterion. This
criterion has been modified by the author with the substitution of a more
fundamental stress, og.,7,,» fOr the previously used ol_,. This renders
the criterion useful for all stress paths, even those with a constant
effective octahedral normal stress.

The plots of W versus ¢! for test series T201 to T204 and T205

scalar

to T209 were shown in Figs. 3.10 and 3.16 respecitvely. In test series
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T201 to T204, strain energy provided a useful limit state crfﬁerion along
all stress paths. For stress paths T201 and T202, clear diséontinuities
occurred.in the plots, and 1imit state stresses were'definéd by imposing
two linear sections on the data. In test T203 it was not reasonable to
impose a bilinear function on the data. However, a clear break in the
plot did occur at stress level 11, and this was taken as limit state. In
test T204, the p1pt was linear, indicating 1imit state had not been
reached. _ | |

In the second fest series, strain energy was again found to be a

useful 1imit state criterion. In tests T205 and T206, clear discontinui-

ties in the 'W versus olcaiar'pPlot indicated limit state.The plot of W versus

Ogcalar TOr test T207 did not reveal a disfinct change in behavior which
could be interpretted as 1imit state. The behavior was interpretted as
curvilinear. The lack of a distinct 1imit state stress in this plot may
have been due to the position of this stress path in (p', q) space (see
Fig. 3.5). “The path was almost parallel to the normally consolidated
Coulomb-Mohr ehve]ope; thié made it difficult to distinguish between
limit state and rupture in the test. In test T208, the strain energy
plot was linear up to rupture stresses, and thus indicated no limit state
behavior prior to failure.

Figure 4.2 shows the plots of the various 1limit state criteria for

test T206. Because of the intermediate position of the stress path for

the test (Fig. 3.5), four of the five criteria define limit state stresses.

Although there is some variation in the 1imit state stresses found by the
different criteria, they are in fact rather similar. Tables 3.6 and 3.7

revealed that in all tests where 1limit state was reached at least two of
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the Timit state criteria were useful. The strain energy p]ot‘produced
identifiable 1imit state stresses in every test but T207. These findings
confirm the suggestion by Tavenas et al. (1978a) that strain energy is
indeed a good indicator of 1imit state along any stress path. Furthermore,
because it includes the entire strain tensor, this criterion is the most
justifiable means of demonstrating the fundamental change in stress-
strain behavior which occurs at 1imit state. The use of a more general
stress component, such as ogoa14y,s 15 als0 recommended. This extends the
applicability of the origina] criterion, W versus o3cts to include stress
paths in which oor is constant. It is noted that other scalar stress
terms which incorporates the major principal stresses, could be used for
Ogcalare Further work és to an appropriate scalar stress term is

required.

4.2.2 The Limit State Envelopes

In Chapter 3, 1imit state envelopes were defined for the Winnipeg
clay at depths of 8.2 m and 10.0 m (Figs. 3.4 and 3.5). The limit state
envelope established in the pilot test series for the 8.2 m depth is
rather specu]atfve. In defining']imit state stresses along the stress
path of each test, no preference was given to any one 1imit state criterion.
The range of limit state stresses established by the different criteria
were shown on the stress path for each test. In the case of test T203,
only two 1imit state criteria were useful in identifying limit state and
both criteria indicated the same stress. Therefore for this test, only
a single Timit state stressis shown in Fig. 3.4. Test T204 was put into
undrained shear prior to reaching 1limit state in drained compression.

Consequently, 1imit state stresses were not established along a stress

*
See page 52.



path of approximately constant shear stress.

The limit state envelope for 8.2 m was drawn such that it passed
through the middle of the range of 1imit state stresses defined for
tests T201 and T202. The section of the envelope below stress path T202
was drawn similar to the shape predicted by the YLIGHT model. It is there-
fore rather speculative. No attempt was made to draw the envelope through
the 1imit state stresses for test T203. As explained in Chapter 3, the
Toad duration in tests T203 and T204 was not constant, and was extended
to periods of up to 9 days in an attempt to examine the effect of load
duration. In spite of the variation of load duration at each stress
Tevel (see table B.3), 1imit state stresses were still identified in test
T203. However, the author believes that the increased load durations
used in this test have caused the 1imit state stress along this stress
path to decrease. Tavenas et al. (1977) state that a reduction in the
rate of Toading or an increase in the duration of load application should
result in a reduction of the 1imit state stress. On this basis, the
1imit state stress corresponding to 24 hour Toad durations fbr test T203
was presumed to be at a higher stress level. Therefore, the lower part
of the 1imit state envelope shown in Fig. 4.1 for the 8.2 m depth was
conjectural.

In the overconsolidated region, limit state and rupture coincide.
Limit state has been defined as the stresses at which the maximum strength
of the particle structure is mobilized and a significant number of local-
ized failures at the points of particle contact begin to occur. In
drained, stress controlled compression, this is evident by the change

from elastic, small strain to more plastic, large strain behavior.
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Bjerrum and Kenney (1967) state that the maximum shear strength rupture
criterion for undrained shear is associated with the quasi-static
yielding of the grain structure of a soil at small strains; whereas the
maximum stress ratio rupture criterion for undrained shear represents
the dynamic yielding of the clay structure at large strains once a stat-
istically constant condition of sliding friction between soil particles
has been obtained (Graham, 1974). Consequently, in undrained shear the
maximum shear stress reached at small strains by an overconsolidated
sample is a function of its particle structure and représents a limit
state condition. The limit state envelope for test series T201 to T204
was thus extended to include the stresses deffned by the maximum shear
stress criferion for sample T204. This sample was not stressed to limit
state in drained shear and for this reason,was overconsolidated prior to
undrained shearing.

The 1imit state envelope for a 10.0 m depth from tests T205 to
T209, is shown in Fig. 3.5. The envelope defined for this depth is less
speculative than the one at 8.2 m. The three limit state stresses esta-
blished during drained, stress controlied compression along stress paths
T205, T206 and T207 allowed an accurate determination of the envelope in
the region below the normally consolidated Coulomb-Mohr 1ine. In the over-
consolidated range, the envelope was well defined by tests T208 and T209.

Figure 4.1 shows the 1imit state envelopes established in this
study. The nature of the envélopes may be compared with the details of
the YLIGHT model explained in Chapter 2. The YLIGHT model proposes that
the 1imit state envelope has an‘elliptical shape centered on the K -

consolidation for the normally consolidated clay. Based on a normally
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consolidated, effective angle of shearing resistance, ¢', of 18°, and
Jaky's formula for KO (see section 2.2), a Ko—consolidation Tine has
been shown in Fig. 4.1. The 1imit state envelopes shown for the two
depths are roughly, but not precisely, symmetrical about this line.
The YLIGHT model also states that the 1imit state envelopes at
different depths are all homothetic (i.e. geometrically similar). This
is the case for the limit state envelopes in this study. However, the
author'concedes that 1imited amount of data allowed some freedom in the

interpretation of exact shapé and orientation of the limit state enve-

lopes drawn.

Although the general shapes of the envelopes are faithful to the
data, more extensive‘stress probing along other stress paths is necessary
to more accurately define the shape and orientation of 1imit state enve-
lopes in Winnipeg clay.

An important consideration in the YLIGHT model and the concept of
limit state is that the position of the 1imit state envelope is governed
by the magnitude of the preconsolidation pressure. Consequently, the

Timit state envelopes of a'clay deposit at different depths are geometri-

éa]]y similar and positioned in stress space according to their preconsol-
idation pressure, p;. If the p. values at two different depths in a
deposit are constants, they would share a common 1imit state envelope.

The YLIGHT model links the 1imit state envelope defined by drained,
triaxial stress probing, to the preconsolidation pressure defined in the
oedometer tests. The one-dimensional consolidation test occurs under K-
consolidation conditions. However, the precise value of the effective

horizontal stress during the test is unknown. In (p', g) stress space, a
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line representing all of the possible states of stress of the oedometer
sample at its preconsolidation pressure may be drawn by considering the
extreme values of 0£ which are possible. According to the YLiGHT model
this line, known as the pé line, should intersect the Kg-consolidation
Tine for a clay at the 1imit state envelope for the clay at that depth
(see Fig. 2.2). The pé lines, based on the oedometer tests for this
study, are shown in Fig. 4.1. The average values of pé for 8.2 m and
10.0 m were 270 kPa and 272.5 kPa respectively (Fig. 3.19). The pe lines
for these vé]ues of pé intersect the KgTine well inside the limit state
envelopes defined for the two depths.

A possible explanation for these discrepancies is the quality of
the standard trimming techniques used in the oedometer testing. These
techniques did not preserve the particle structure as well as the more
carefu] trigming techniques used in the triaxial testing program (see
Appendix A). The rounded nature of the e-log o, curves in this study are
a general indication of the disturbance of these samples (Fig. 3.19).
Furthermore, it is noted that the volume of soil in the triaxial samples
is approximately twelve times the oedometer. For this reason, the tri-
axial sample will produce stress-strain data which is more representative
of the soil's true behavior.

More recently, during the writing of this thesis, additional oedo-
meter testing has been completed on samples from 8.2 m and 10.0 m by
graduate students at the University of Manitoba. In these tests, precon-
solidation pressures of 320 kPa and 365 kPa were found for samples from
10.0 m and 8.2 m respectively (Trainor, 1980). These values are in better

agreement with the 1imit state envelopes defined in this study. For in-
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stance, because the limit state envelope for 8.2 m lies outside of the
envelope for 10.0 m, a higher value of pé would be expected in the
oedometer tests at 8.2 m. This was the case in the oedometer results by
Trainor (1980), but not in the oedometer tests of this study where PS
for both depths was almost identical.

If the preconsolidation pressure for both depths was indeed con-
stant, it would be reasonable to define one limit state envelope for
both depths, as was done by Baracos et al. (1979). 1In view of the un-
certainty associated with the pé values, an average limit state envelope
has been shown between the envelopes defined for 8.2 m and 10.0 m (Fig.
~4.1). This average envelope was drawn homothetically to the other two,
and represents an average of the two enve]épes shown.

Figure 4.1 shows the 1imit state envelope proposed by Baracos et
al. (1979). Their envelope was drawn on the basis of limit state data
from depths between 6.3 m and 12.3 m. The original limit state data
points for that study were shown.in Fig. 3.20. The limit state envelope
defined by Baracos et al. (1979) lies well inside the envelopes defined
in this study. They stated that their envelope was well-defined when

shear stresses were increasing, but poorly defined along stress paths

with increasing octahedral normal stress and nearly constant shear stress.

The same statement is true of the results of this study. Limit state

stresses were established in only one test with octahedral normal stress
increasing and shear stresses remaining constant (i.e. test T205). The
sections of the 1imit state envelopes drawn in this area of stress space
were based solely on the data from test T205. It is of interest to note

that the Timit state stresses defined in T205 are quite close to those
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defined for two tests in the work by Baracos et al. (1979) (see Fig.
3.20).

There is no obvious explanation for the discrepancy between the
Timit state envelope by Baracos et al. (1979) and those defined in this
study. The shape of the envelopes shown for this study are only pre-
Timinary because of the small amount of data. However, there is no doubt
that the 1imit state envelopes of this study lie significantly outside
the one defined by Baracos et al. (1979). The block samples used in
both studies were taken from the same site, and an examination of the
classification data and moisture contents of the samples in both studies
indicated no significant differences. The samples in this study were,
however, stored for an extended period of time (about one year) prior to

the testing. This may have Ted to thixotropic hardening*, although there

is no previous evidence of this in Winnipeg clays. The storage room, al-

though moisture controlled, was not temperature controlled, and some temp-

erature fluctuations were noted during the summer months. These temperature

f]uctuations ovef the extended storage period could have affected the
stress-strain prdperties of the samples in a way which cannot be explained
on the basis of the present work; It is recommended that steps be
taken to improve the storage conditions in the geotechnical laboratories
at the University of Manitoba.

Another possible explanation for the large discrepancy in the limit
state envelopes defined is the difference in load increment ratio between

the two studies. This is discussed further in the next section.

*
Thixotropic hardening is an increase in strength with time at constant
composition.
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4.2.3 Testing Techniques

During the pilot series, uncertainty developed about the effect
of 1o$d duration and load increment ratio on the drained triaxial test
results. This led to an extension of the load duration used in tests
T203 and T204. However, this preliminary investigation of the effect of
load duration was not systematic (i.e. load duration was varied from in-
crement to increment in an attempt to achieve 'complete' consolidation)
and did not significantly elucidate the prob1em. . Because of the scope of
this study, the second series of tests, T205 to T209, was conducted using
a standard 24 hour load duration, and no further attention was given to
the effect of load duration or load increment ratio on the test results.
Subsequent to the completion of the testing program, the importance of
these two testing parameters on the test results has become more apparent.
| It is now generally accepted that the strength and deformation
behavior of most natural clays is time-dependent (Campanella and Vaid,
1974; Tavenas et a].,1978b). Early investigators into the effects of
time on the stress-strain behavior of natural clay followed the classical
pattern of separating problems of stability, investigated by means of
strength tests, from deformation problems investigated by oedometer tests.

Using the standard load increment ratio of 1*, Crawford (1964)

showed that in oedometer tests, the value of p. decreased with the Tength
of load duration. In addition, he stated that the rate of compression,
which may be varied by the size of the load increment, also affects the
preconsolidation pressure. He also stated that the division of consoli-

dation into primary and secondary components was an arbitrary separation

*
Load increment equals previous total load.
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of a continuous compression process, and the relative contribution of
each depends on the method of loading (see also Bjerrum, 1967).

Leonards et al. (1964) discussed the effect of load increment ratio
on the results of one-dimensional consolidation tests. They stated that
for small Toad increment ratios, the Terzaghi theory cannot predict, even
approximately, the rate of pore pressure dissipation, and that measured
pore pressures generally dissipate more rapidly than predicted by the
Terzaghi model. They showed that as load increment ratio decreased, the
compressibility decréased and -the time required for bore pressure dissi-
pation decreased.

With regard to drafned triaxial consolidation tests, early inves-
tigators into 1imit state envelopes for natural clays did not specifically
deal with the effect of time on the determination of 1limit state envelopes.
Mitchell (1970) stated that major time effects occur only within the
range of pressures in excess of the preconsolidation pressure, and that
very slow rate of loading tests give rise to a void ratio-pressure curve
essentially the same as the curve obtained from slow incremental loading
tests. On this basis, he suggested that a 1imit state envelope can be
established provided excess pore pressures are allowed to dissipate.

With regard to load increment ratio, Crooks and Graham (1976)
stated that the load increment ratio is important only for sample tests
along stress paths which intersect the Coulomb-Mohr envelope. They found
larger load increments generate 1arge porewater pressures which can lead
to the Coulomb-Mohr rupture criterion being exceeded. In addition, they
found that along two of their stress paths yielding and rupture could be

distinguished only when a smaller load increment ratio was used.
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Leroueil and Tavenas (1977) were the first to recognize that
strain rate effects need be considered in the experimental determination
of the limit state envelope of a natural clay. They suggested in the
YLIGHT model that the effects of ageing and strain rates on the precon-
solidation pressure of natural clays proposed by Bjerrum (1967), apply
in fact to the entire 1imit state envelope. Moreover, they stated that
it is mandatory to ensure the uniformity of rates of all tests used to
determine the 1imit state envelope of a given clay, and to evaluate the
rate dependency of fhis envelope if it is to be used in the analysis of
practical problems.

Tavenas and Leroueil (1977) theorized that a reduction of the rate
of loading or an increase in the duration of load will lead to a reduc-
tion of not only the oedometer pé value, but of the entire 1imit state
envelope. Data from strain controlled tests on Champlain Sea clay showed
that the 1imit state envelope in the overconsolidation region was indeed
strain rate-dependent. In addition, the reduction of the oedometer pé
value with Tengths of loading was shown using nine oedometer tests step
loaded in one increment to their final vertical load. However, no attempt
was made to unify the results of the strain controlled triaxial tests and
stress controlled tests (both oedometer and drained triaxial) in terms of
the various strain rates used. The time dependency of the limit state
envelope was implied with reference to three tests. The decrease in
strength from two CID tests taking 0.5 days and 8 days was plotted. The
decrease in pé resulting from load durations between 0.7 days and 70 days
was shown. Additionally, the decrease in limit state stresses when the

load duration in isotropic, drained compression was varied from 1 day to
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5 days was shown. These tests indicated a general reduction in limit state
stresses as load duration increased, or rate of loading decreased.

A significant consideration in the stress controlled, drained
triaxial testing of all previous studies is that the rate of loading is
not conctant. The rate of loading for samples loaded incremently varies
greatly during a test and is dependent on both the load increment and the
load duration. For‘this reason, the strain réte dependency of the limit
state envelope cannot be fully defined in these stress controlled drained
tests.

In thi§ study; the incremental stress levels along each stress
path were cHosen such that an arbitrary number of stress levels occurred
between the in-situ stresses and the previbus]y defined limit state
envelope by Baracos et al. (1979). In test series T201 to T204 and T205
to T209, there were six and four stress levels respectively. It is noted
that in the previous study the load increments (and therefore load in-
crement ratios) were generally smaller than those used in this study.

This smaller Toad increment ratio represents a decreased rate of loading,
and thus should cause an overall decrease in the limit state envelope.

It is possible that the generally larger size of the load increment ratios
used in this study could be partia]ﬁy responsible for the larger limit
state envelope. However, there is no way of quantifying this affect in
this thesis.

In this study some useful evidence of the effect of load duration
was found in test T202. A load duration of 24 hours was used until the
final three stress levels, which were continued for periods of 117h, 145h,

and 264h respectively (table B.2). The stress-strain plots for this
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test are shown in Figs. 3.6 through 3.10. From the plots of 0; and
(01—03) versus e, in Figs. 3.6 and 3.7, a Tinear section, parallel to the
initial post-1imit state behavior, was defined through these last three
stress levels. If the downward movement of this stress-strain data due
to the Tonger load durations were assumed applicable to all the data for
this test, i cén be seen that the Timit state stresses defined would be
smaller. There is also evidence of a parallel shift in the post-limit
state behavior iﬁ the plot of W versus Ogcalar in Fig. 3.10. However,
this evidence is admitted]y insﬁfficient to draw any conclusions.

It is noted that test T203 was conducted with longer load durations
(see table B.3). However, the lengths of the Toad durations in this test
were not constant and varied at 2ach stress level. A comparable test
with 24 hoﬁr loadings would be required to verify that the limit state
stresses were reduced by longer load durations. A further more systema-
tic study is required to verify the effect of load duration on the Timit
state envelope.

Since the stress-strain properties of most natural clays are time
dependent, the 1imit state envelope (as suggested in YLIGHT) will also be
time dependent. This time-dependency is simply evaluated in strain con-
trolled testing where the rate of loading is easily varied. However, in
stress controlled testing the rate of loading is not constant and is a
function of both the load duration and load increment ratio. It is
suggested by the author that the load duration and load increment ratio
are important variables in a testing program for the determination of the
limit state envelope of a natural clay. Further research is required to

examine the effect of these parameters on the results of drained, stress
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controlled, triaxial tests. Furthermore, some means of evaluating the
rate dependency of the limit state envelope is required if it is to be

used in practical analysis.

4.2.4 OQther Considerations

Several additional aspects of the results of the drained,stress
controlled portion of the triaxial tests are worth further discussion.
With regard to the reconsolidation of the samples to in-situ stresses,
the strains on restressing were tabulated in table 3.4. The maximum
axial strain on restressing was 2.33 percent, while in most tests it was
around 2 percent. Crooks (1973) stated that axial strains less than 2
percent to;pé were considered an indication of minimal disturbance during
sampling and preparation. With this in mind, it may be stated that the
careful sampling and trimming techniques used in this study were helpful
in minimizing disturbance in these samples. It is also noted that the amount
of axial strain on reconsolidation was affected by the uncertainty
associated’with tHe actual in-situ stress levels, and by the stress ratio

used during reconsolidation.

Table 4.1 summarizes the axial and volumetric strains at Timit
state stresses for the drained, stress controlied tests in this study.
The strains at limit state are qufte large and are approximately double
those found in the tests by Baracos et al.,(1979). These values of
strain are somewhat disconcerting in that the 1imit state condition is
thought to be associated with small strain behavior, whereas the strains
in table 4.1 are quite large. However, the higher values of the limit
state for Winnipeg clay may be a function of their less sensitive yet

more active nature.
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Table 4.2 Tists the total volume change as measured in the drained
portion of each test, and the total volume change as determined by the
change in moisture content of the samples during testing. It is noted
that in every case the volume change measured in the burette readings is
significantly larger than that determined from the moisture content
changes. One possible explanation for this discrepancy is leakage through
the membranes into the sample. If this were the case, it would quite
Tikely be of a nearly constant nature and therefore, should have effected
the 1imit state determination. It is also possible that the samp]eslin
this study were gasing. That is, organic material in the samples was
producing gas during the test, and this gas was causing erroneous volume
change readings. The samples were flushed regularly during testing to
remove any trapped air bubbles, and in many cases significant amounts of
air were expelled. However, since this flushing was not performed on a
regular and systematic basis, the volume of air expelled could not be dis-
counted from the volume change readings. Fortunately, it appears that
this problem has not affected the stress-strain results adversely. It
may, however, account for the scatter associated with radial strain plots,
which are calculated on the basis of e, and g . It is recommended that
future testing incorporate daily flushing, and that the volume of air
expelled be recorded and subtracted from volume change readings. Further-
more, it would be useful to determine the organic content of the samples
prior to testing. !

A third possible reason for the discrepancy in volume change
measurements are poor building-out procedures which may have allowed the

samples to take on water after stress removal.
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The next section of this chapter discusses the results of the

undrained tests.

4.3 UNDRAINED SHEARING RESULTS

4.3.1 Stress-Strain Behavior

Section 3.4 presented the results of the undrained portion of this
study. ~Samples which had not failed during the drained, stress controlled
portion of the testing program were put into undrained shear. The un-
drained effective stress paths of these samples are shown in Figs.3344
and 3.5.

The normalized undrained stress-strain behavior of the Samp]es
is shown in Figs. 3.17 and 3.18. In all cases except T204 and T209,
the samples had been stressed well past their limit state envelopes prior
to undrained shearing. This implies that their in-situ particle struc-
ture had been changed and the samples had a new particle structure which
was normally consolidated and strictly a function of its consolidation
stresses. Samples T204 and T209, which were not stressed to limit state,
retained their original particle structure and were overconsolidated.

In tests T202, T203, T205 and T206, the stress-strain results are
typical of a normally consolidated clay. The.deviator stress and pore-
water pressure both rise gradually to a maximum at which point they level
off and remain essentially constant.

It is of interest to note that samples T202 and T203, which were
allowed to remain at their final consolidation stresses for 11 and 5 days
respectively, behave in a normally consolidated manner. Theoretically,

the period of delayed compression at the end of consolidation should have
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allowed the particle structure of samples to develop a reserve resistance,
or overcompetency. This was not reflected in the stress-strain data.

With regard to porewater generation, it was noted that the samples
which were normally consolidated with more isotropic stresses (i.e. T203
and T205), produced a higher normalized pore pressure increase, Au/o;c.
The observétion was made with respect to samples T202 and T206 which had
higher components ofhdeviator stress at their final consolidation stress
Tevel. This seems to indicate that a more isotropic consolidation
stresses produce higher normalized porewater pressures during undrained
shearing.

Samples T204 and T209, which were overconsolidated, behaved in a
typical overconsolidated fashion. In both tests, the samples' stress-
strain_beﬁavior was brittle. The deviator stress and porewater pressure
reached é peak at relatively low strains, after which they both fell off
abruptly to a lower value. As mentioned earlier, the 1imit state envelope
and the rupture envelope are essentially the same in the overconsolidated
region. Bjerrum and Kenney (1967) stated the maximum deviator stress
criterion for rupture is associated with the quasi-static yielding of the
particle structure of a soil at small strains. On the other hand, the
maximum stress ratio criterion for rupture represents the dynamic yielding
of the clay structure at large strains once a statistically constant con-
dition of sliding friction between particles has been obtained. In the
case of an overconsolidated sample, the quasi-static yielding of the
particle structure at small strains (i.e. limit state) was followed
immediately by dynamic yielding of the structure (i.e. rupture). In both

T204 and T209, these criteria occurred -simultaneously at low strains.
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Young's modulus, E;,» was determined for each test and is listed
in table 3.2. This modulus represents the slope of the plot of principal
stress difference, (0,-0,), versus axial strain, e,, from 0 to 50 percent
of the maximum deviator stress increase. It finds application in finite
element analysis. Another elastic parameter, the relative stiffness,
(Eso/(0,-0,)/2), was calculated and is shown in table 3.2. The values of
the relative stiffness against 1/0,, are plotted in Fig. 3.21. The tests
in this study indicate a trend towards higher relative stiffness for the
normally consolidated samples. This differs from the line proposed by
Baracos et al. (1979) shown in Fig. 3.21. It does, however, agree with
work of Crooks (1973) who proposed that the higher values for the
normally consolidated samples were due to the fact that their laboratory
formed partic]e‘structure.was undisturbed. The field structure of the
overconsolidated samples, on the other hand, had been disturbed somewhat
by samp]ing and trimming.

The borewater pressure parameter, Af, has been determined for each
undrained teét and is shown plotted against 1/0;c in Fig. 3.22. This
parameter is a function of consolidation history and is usually plotted
against the overconsolidation ratio of the sample, e;/o;c. However, in
this case,(]/o;c)-was used because of the uncertainty associated with the
one-dimensional consolidation test results. The results showed the same
general trend as the work by Baracos et al. (1979). The value of Ae
generally decreases with the degree of overconsolidation. However, there
is some scatter about the line for 76 mm samples proposed by Baracos et
al. (1979). The values of Af above 1 for samples T205 and T206 are quite

unusual; other values of Af in the literature seldom exceed 1.
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4,.3.2 Strain Rate Effect

The importance of time on the stress-strain properties of natural
clays is well known (for example, Bjerrum, 1967; Vaid and Campanella,
1974; Tavenas et al., 1978a). A method for measuring the effect of
strain rate on the undrained strength of a soil is the relaxation test.
This method, first proposed by Kenney (see Crooks (1973)), involves
stopping the motor drive of the compression machine at a given strain and
taking readings of stress and strain with time. After the motor drive
is stopped, the samp]e'contihues to strain at a decreasing rate due to
the stored energy in the proving ring. From this test, a plot of un-
drained fesistancé, Su*, versus strain rate is formed, and the strain rate
parameter, Py 1 calculated. The parametef, Py .1 gives the percentage
increase in undrained strength as the strain rate is increased by a factor
of 10. The parameter is related to the undrained strength at a strain
rate of 0.1 percent/h.

The resu]té of the relaxation tests are shown in Figs. 3.23
and 3f25'. The po_lvresu]ts varied from 4.5 to 10.1 percent. It was noted
that the two 0verc6hso1idated samp]es; T204 and T209, had lower values of
Py 0 4.5 and 5.8 pe}tent respecti?e]y. Whereas the normally consolidated
samples (T202, T203, T205 aﬁd T206) had Py values ranging from 8.6 to
10.1 percent.

Graham (1979) has proposed, on the basis of data from several
natural clays that Po.; increases with increasing plasticity index. This
is shown in Fig. 3.24 along with the‘results of the present study. The
few results do not confirm the proposed relationship by Graham (1979),

and suggest that I is independent of plasticity index. Highly struc-

*  These are values of shearing resistance, (o,-0;), measured after the
maximum deviator stress, (o,-0,)/2 ... has been reached.
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tured or sensitive clays have shown much higher Py ., Values.

The author acknowledges the criticism that the relaxation test re-
sults are affected to some extent by the properties of the proving ring
used. For this reason, it is suggested that undrained tests at variable
strain rates be performed to confirm the strain rate effects reported

herein.

4.3.3 Normally Consolidated Strength Envelope

On the basis of the drained and undrained tésts to failure, the
Coulomb-Mohr strength envelope in the normally consolidated region was
defined separately for both‘depths, 8;2 m and 10.0 m. These envelopes were
§hown in Figs. 3.4 and 3.5. An average normally consolidated Coulomb-Mohr
envelope for both depths 1is shown in Fig. 3.20. From this envelope, the
effective strength parameters, c' and ¢', were found to be 0 and 18°.

The previous study by Baracos et al.(1979) had found a ¢' of 5 kPa
and ¢' of 20° in the normally consolidated range with 76 mm samples. The
extended storage period and the temperature fluctuations during storage are
possible explanations for the Tower strength parameters found in this study.

In Chapters 1 and é, the concept of critical state was introduced.
Critical state was defined as the steady state condition at which a clay
would deform continuously with no further changes in stress or voids ratio.
Furthermore, the stresses at critical state were said to satisfy the Coulomb-
Mohr failure envelope.

The Coulomb-Mohr failure envelope describes the stress conditions at
which failure occurs in a soil. These stress conditions are usually referred
to the Timiting shear stress condition, (0]/0,)payx. This condition describes

the stresses at which dynamic yielding of the particle structure is taking
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place, and a statistically constant condition of sliding friction between
particles has been obtained (Graham, 1974). Bjerrum and Kenney (1967)
proposed that the maximum principal stress ratio for failure described the
ultimate frictional resistance between particles, and was only mobilized

at high strains. Leroueil et al. (1979) stated that there are some indica-
tions that the strength developed at large strains presents many of the
characteristics of critical state. On this basis, the author proposed that
critical state envelope and the Coulomb-Mohr envelope, defined by the
(o;/o;)max condition, wefe cldsely similar in the normally consolidated
ranges.

_During this study, relaxation tests were performed when the axial
strains were about 1 to 2 percent past maximum deviator stress. This was
done to avoid significant reductions in the strength which occur as strains
increase. Upon completion of the relaxation test, the strain rate was in-
creased and the sample sheared to large strains. The stress ratios,
(0,/0%), increased significantly after the relaxation test. This may have
- been as a result of the larger strain rates, or possibly as a result of
porewater equalization during relaxation. Because of the discontinuity in
stress ratios after relaxation, the maximum stress ratio stresses could not
be determined in the undrained tests. Therefore, the normally consolidated
envelope for this study was based on the maximum deviator stress criterion
and may not truly represent critical state conditions for the clay. The

author suggests that the use of the critical state concept exclusively to

define failure at (0)/0})pay On (P', q) stress space is useful. It eliminates

the uncertainty associated with which rupture criterion, (01/03 ) pax OF
(0,-0,)/2,2%s is used to define failure. The critical state line would be

clearly associated with large strain failure of the clay.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

5.1 CONCLUSIONS

The results of this series of tests cannot be considered definitive
because of the limited number of samples tested. However, several prelim-
inary conclusions are possible on the basis of the results. These are
presented below.

1) The existence of limit state envelopes which describe stress
conditions at which the in-situ particle structure begins to yield or
break down, was demonstrated for Winnipeg.clay from the University of
Manitoba campus at depths of 8.2 m and 10.0 m. The stress-strain data along
various stress paths confirmed that there are stress levels, defining limit
state conditions, at which marked changes occur in the stress strain behaviour.

2) Strain energy provides a 1imit state criterion which is not
stress path dependent and which includes all components of the strain ten-
sor. Furthermore, strain energy should be plotted against a scalar stress*®
component in ordek to generalize its applicability to any stress path.

3) The limit state concept is recognized to be a consequence of the
in-situ particle structure of a soil. Careful sampling, sample prepara-
tion, and reconsolidation to in-situ stresses are required to preserve this
in-situ structure.

4) The limit state envelopes in this study were at significantly

higher stresses than those defined by Baracos et al. (1979).

This is not a true scalar; it is a pragmatic, empirical quantity.
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5) The effective stress, normally consolidated, Coulomb-Mohr
strength parameters from this study were ¢' equals 0 and ¢' equals 18°.

6) Verification of the applicability of the YLIGHT model to Winni-
peg clays requires further testing. Because the shape and orientation of
the 1imit state envelopes defined in this study are tentative, the details
of the model cannot be confirmed. No useful work has yet been done on the

time-dependent aspects of the YLIGHT model.

-~ 5.2 SUGGESTION FOR FURTHER RESEARCH

Due to its limited scope, this study has perhaps raised more
questions than it has answered. As a consequence, the following sugges-
tions are made with regard to further studies on the stress-strain-time
properties of Winnipeg clay.

1) Conclusive definition of the shape and orientation of 1imit
state envelopes in Winnipeg clay requires a larger number of tests. It is
suggested that at least six drained, stress controlled triaxial tests be
performed on samples from one depth. The effective stress paths followed
by these tests should equally partition (p', q) stress space below the
normally consolidated Coulomb-Mohr strength envelope and should include an
isotropic, effective stress path.

2) In future studies, it is suggested that the storage time of
samples prior to testing be minimized. The samples used in this study had
been stored for over a year during which time properties of the clay may
have been altered significantly. ‘Howevgr, because of a Tack of funds and
the winter season, it was not possible to obtain new samples for this

study.
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3) With regard to sample storage, it is suggested that some form
of temperature control be included in the geotechnical storage facilities
at the University of Manitoba. Temperature fluctuations were ob-
served during the storage period and may have had an adverse effect on the
properties of the samples.

4) Standard research classification testing should be expanded to
include geochemical analysis and organics testing. This information is
noticeably lacking for Winnipeg clay and may provide insight into their be-
havior. The addition of fa11:cone testing to provide information of the
sensitivity of Winnipeg clays would also be useful.

| 5) The effect of load duration and load increment ratio on the
stress-strain time results requires further investigation. With regard
to Toad increment ratio, a preliminary investigation could be conducted
with two samples stressed along the same stress path using one-day load
durations. 1In one test, the sample would be stressed in four increments
to a certain stress level; whereas in the second test, twelve increments
might be used to reach that same stress level. Similarly the effect of
load duration could be investigated by stressing two samples along the same
stress path with the same load increment ratio, but different load
durations (for example, 1 day and 5 days).

6) Further oedometer testing is required to clarify the uncertainty
associated with the preconsolidation pressure results. Improved sample
preparation techniques in the oedometer testing may prove helpful in this
regard.

7) The effects of time on the P could be confirmed by means of

special oedometer tests similar to those performed by Tavenas et al. (1977).
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The procedure would involve step-loading oedometer samples in one incre-
ment to predetermined stress levels. The oedometer samples would then be
allowed for a long period of time while strains were monitored. This

would allow the construction of the e versus oy curve for the clay at various
times. From these curves, a quantitative indication of the effect of time
on p. could be gained.

8) The effect of time on the overconsolidated branch of the limit

state envelope could be investigated by conducting tests on triaxial

samples, reconsolidated to in-situ stresses, at various strain rates. This

would provide another means of verifying the strain rate effects from the

relaxation test..
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TABLE 3.1

BASIC SOIL PROPERTIES

T203 T204

Test Number 1201 1202 1205 7206 1207 T208 1209
Test Hole Number 3 3 3 3 3 3 3 3 3
Block Sample Number 4 4 4 4 6 6 6 6 6
Test Type CAD CAD (U) CAD(T) CAD(T) CAD(T) .CAD(ﬁ) CAD CAD CAT
Depth (m) 7.9-8.4 7.9-8.4 7.9-8.4 7.9-8.4 9.8-10.2 9.8-10.2 9.8-10.2 9.8-10.2 9.8-10.2
Initial Water 55.9 56.5 56.6 56.5 58.3 53.8 57.5 58.3 49.3
Content (%)
Fégiiezitfé) - 47.5 50.3 - 47.8 46.2 49.8 57.1 52.7
Liquid Limit (%) 85 84 86 83 67 73 67 64 70
Plastic Limit (%) 31 30 29 30 28 28 31 34 28
Plasticity Index (%) 54 54 57 53 39 45 36 30 42
Clay Content (%) 73 73 - - 78 75 - - -
Specific Gravity 2.74 2.74 - - 2,70 2.74 - - -
Unit Weight (kN/m®) 16.8 16.7 16.5 16.7 16.5 16.7 16.7 16.6 16.9

- Not obtained for this test.
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LAADLN Jed

OHLAK TEDSLT KESULTS

Test Number T201  T202 T203  T204 T205  T206  T207  T208  T209
Test Hole Number 3 3 3 3 3 3 3 3 3
Block Sample Nunber 4 4 4 4 6 6 6 6 6
Nominal Depth (m) 8.2 8.2 8.2 8.2 10.0  10.0 10.0 10.0 10.0
(0,704)/2 oy (kP2) 95.1 - - - - - 89.5  65.3 -
Drained :
Shearing Joct 2t (01703)/2 (kPa) 285.1 - - - - - 258.0 126.9 -
€, at (0,-0,)/72 __ (%) 15.35 - - - - - 15.63 6.80 -
Oi. (kPa) - 571.9 474.4 156.9 471.2 412.0 - - 106.1
03¢/%1¢ - 0.63 0.78 0.81 0.92 0.70 - - 0.65
P./O) - 0.47  0.57 1.72 0.58  0.52 - - 2.57
(crl-crs)/zmax (kPa) - 139.5 114.6 73.0 103.3  114.7 - - 49.5
Undrained Coct 2t (0,70,)/2 _  (kPa) - 415.6  342.5 124.0 301.7 347.2 - - 81.6
Shearing \
(01-03)/201c - 0.24 0.24 0.47 0.22 0.28 ~ - 0.47
€ at (0,-0.)/2 _ (%) - 0.58  2.05 2.62  5.45  2.33 - - 2.07
E;, (MPa) - 54.1  42.9  16.1  28.2  30.0 - - 8.5
Eso/(°1'°3)/2max - 388 374 221 273 262 - - 171
Ag - 0.62 0.83  0.45 1.09 1.34 - - 0.35
Po.1 at € (%) - 8.6 9.3 4.5 10.1 9.6 - - 5.8 .
€ - 1.31 2.05 3.49 5.84 3.37 - - 2.97 e
Initial Strain Rate,
- 0.46  0.43  0.92 0.96 1.01 - - 0.91

€, (%/h)




TABLE 3.3 ONE-DIMENSIONAL CONSOLIDATION TEST RESULTS

Test Number Cl Cc2 C3 c4
Test Hole Number : 3 3 3 3
Block Sample Number | 4 4 6 6
Depth (m) : 7.9-8.4 7.9-8.4 9.8-10.2 9.8-10.2
Sample Orientation Horizontal Vertical Horizontal Horizontal
pé (kPa) 270 270 280 265

*p!  (kPa) 91 5o** 106 106

pg /P 3.0 - 2.6 2.5

Ce 0.90 0.86 0.73 0.65

*
Based on G.W.T. at 3 m and Ysat = 17.5 kN/m®

* %
Based on in-situ effective horizontal stress, Gﬂ = 0.65 pé

-LLL-




TABLE 3.4

TRIAXIAL CONSOLIDATION RESULTS FOR

RESTRESSING TO IN~SITU STRESSES

Test Number T201 T202 T203 T204 T205 T206 T207 T208 T209
Ps*  (kpa) 91.0 91.0 91.0 91.0 106.2 106.2 106.2 106.2 106.2
Oic (kPa) 91.3 91.0 90.9 89.5 106.0 106.1 106.6 106.7 106.1
Oic  (kPa) 59.2 | 59.2 59.7 59.1 68.3 68.5 69.2 69.2 68.7
PL**  (kpa) 270 270 270 270 272.5 272.5 272.5 272.5 272.5
01c/P6 . 1.00  1.00 1.00 0.98 1.60 1.00 1.00 1.00  1.00
pPL/O1. 2.96 2.97 2.97 3.02 2.57 2.57 2.56 2.55 2.57
03c/%1c 0.65 0.65 0.66 0.66 0.65 0.65 0.65 0.65 0.65
€ic (¥ 1.37 1.25 1.64 2.33 2.03 2.09 1.86 1.88 2.04
Eic  (®) 0.13 0.33 -0.78 0.20 0.68 0.79 0.61 0.71 0.89
€ve  (®) 1.63 1.91 0.08 2.72 3.38 3.68 3.08 3.30 3.82

*

* %

Based on G.W.T. at 3 metres and Ysat = 17.5 kN/m®

From one~dimensional consolidation tests (see Table 3.3)
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TABLE 3,5

TRIAXTIAL CONSOLIDATION RESULTS TO THE END

OF STRESS CONTROLLED TESTING

Test Number T200% 7202 1203 T204 T205 T206  T207% 208% T200t
Py (kPa) 91.0 91.0 91.0 91.0 106.2 106.2 106.2 106.2 106.2
o (kPa) 411.9  571.9 474.4 156.9 471.2 522.2 375.9 214.0 106.1
O3 (kPa) 221.7 360.2 372.3 127.8 433.6 362.8 199.0 83.4  €8.7
p **  (kpa) 270 270 270 270 272.5 272.5 272.5 272.5 272.5
PL/O] 0.66  0.47  0.57 1.72  0.58  0.52  0.72  1.27  2.57
O10/Pg 4.53  6.28  5.21  1.72  4.45  4.92  3.54  2.02 .1.00
O3c/O1c 0.54  0.63  0.78  0.81  0.92° 0.70  0.53  0.39  0.65
€1c (%) 15.35 14.88  7.37  3.40  7.20 12.09 15.63  6.80  2.04
€c  (¥) -1.32  0.03 5,15 0.93  3.97 1.82 1.56 0.95  0.89
€ (%) 9.83 14.94 17.66  5.26 15.13 12.09 18.76 - 8.69  3.82

1'Sample consolidated to in-situ stresses only

* Based on G.W.T. at 3 m and Ysat==17.5 kN/m?

** From one-dimensional consolidation test results (See table 3.3)

# Sample failed in drained shear at the values shown
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- TABLE 3.6 YIELD STRESSES FROM DIFFERENT CRITERTIA

FOR TEST SERIES T201 TO T204

TEST NUMBER T201 T202 T203 T204

o} vs € 249 313 - . -

(01-03) vs g, 252 316 - -
Yield O'  ys g _ - -
Criterion ©ct v .277

0" ys € - - - -

3 3
O'I
W vs 0l alar 248 296 277 -

Note: The yield (or limit state) stresses presented in this table
have been put in terms of ¢ along the stress path for

[ ]
the test. oct
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TABLE 3.7

YIELD STRESSES FROM DIFFERENT CRITERIA

FOR TEST SERIES T205 TO T209

Test Number T205 T206 T207 T208
0, vs € - 266 215 -
(0,-0,) vs g, - 274 215 -
Ciiiiiion %oct v v 266 285 " "
03 vs E, - - 209 -
Wvs Ol alar 255 267 - -
Note: The yield (or limit state) stresses presented in this table

have been put in terms of ¢
the test.

5ct along the stress path for

-GlLL-
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TABLE 4.1 STRAINS AT LIMIT STATE STRESSES

TEST NUMBER 7201 7202 T203 205 T206 T207

€1 (%) 7.5 6.7 5.4 4.5 6.5 7.4

E, (%) 7.2 8.3 5.2 8.7 9.5 2.3




TABLE 4.2 VOLUME CHANGE MEASUREMENTS
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TEST NUMBER T201 T202 T203 T204 T205 T206 T207

T208

T209

eat Measured  g1.9 92.5 109.1 32.6 93.0 97.1 111.4
Vo lume Change

(cm3)

53.0

23.6

Total Calculated
Vo lume Change**.
(cm?®)

- 59.1 41.7 - 68.8 51.9 4.7

8.4

-24.0

*
From burette readings

** From sample moisture contents before and after testing

- Moisture content mot taken at the end of test
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FIGURES




-119-

PLANE OF DRAINED
TRIAXIAL TESTS

q=(0'|“0'3)

NORMAL CONSOLI!IDATION
CURVE

.

S0

.
()

() "

{/

CONSTANT e-PLANE
LIMIT STATE ENVELOPE

C.V.R. LINE

PLANE OF CONSTANT e
(UNDRAINED TESTS)

€, VOIDS RATIO

(a). Isometric view of Yield Surface

CRITICAL VOIDS RATIO

LINE
q CRITICAL VOID
A

S RATIO POINT qﬁ
B/

OVERCONSOLIDATION
RATIO

(b). Constant e-Plane (c). Drained Plane in (p',q)

Space

Fig. 2.1. Yield Surface and C.V.R. Line



(o;~03)

q=

(SU)MAX

OVERCONSOLIDATED REGION »L NORMALLY CONSOLIDATION REGION

A CRITICAL STATE LINE ¢
OR
NORMALLY CONSOLIDATED

COULOMB-MOHR ENVELOPE

(LARGE STRAIN ;
o-l

i
(E'-;)MAX)

YIELD OR LIMIT STATE
ENVELOPE o
-

O3
(SMALL STRAIN; (== )max)
—

-

Ko— CONSOL IDATION
LINE

(Pc')|so (P\;ERT)MAX-

p'=(0]'+ 0, +03)/3

=021~

Fig. 2.2. Typical Critical State Line , Limit State Envelope , and
Associated Parameters



-121-

SEDIMENTATION
[}
\ "
| - YOUNG NORMALLY
\

VOIDS RATIO, e

o M— \ CONSOL IDATED CLAY
| (R'=P)
10,000 Yr \ P!
SECONDARY c
CONSOLIDATION I
e AGED NORMALLY
.

CONSOLIDATED
CLAY (R >R))

EQUILIBRIUM VOIDS

RATIO AT DIFFERENT

TIME OF SUSTAINED

LOADING o

DA
.00\
» \

<O

EFFECTIVE VERTICAL PRESSURE (LOG SCALE)

Fig.2.3. The .Effects of Time on a Normally Consolidated
Clay (After Bjerrum , 1967)



-122-

(Cl) 0.8 ' | T T T

AGED
0.6 |- 2
U 04t | .
Fb
O | 1 I} |
O 20 40 60 80 100
PLASTICITY INDEX (%)
(b) 20 | ! | 1
. .5 F AGED -
Fb
Pl
° 10 \
YOUNG
05 | | ] ]

O 20 40 60 80 100
PLASTICITY INDEX (%)

Fig.2.4. Typical Values of Sy/P, and P¢ /P, Observed in Normally
Consolidated Late Glacial and Postglacial Clays.
(After Bjerrum, 1973)

0.6
0.4
Su o3y
o Fo 0.2 F -
O i | 1 ]

o 20 40 60 80 100
PLASTICITY INDEX (%)
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LABORATORY TECHNIQUES FOR TRIAXIAL TESTING OF
UNDISTURBED COHESIVE SOILS

INTRODUCTION

The importance of good quality sampling and testing techniques
has been emphasized by several investigators (Crooks, 1973; Graham,

1974; Crooks and Graham, 1976; Leroueil and Tavenas, 1977). This is
.especially true when investigating the concept of a limit state envelope
because it is essentially a by-product of the in-situ grain structure of
the soil. Any significant disturbance during sampling and testing tends
to alter the in-situ structure of the soil and thus its in-situ proper-
ties. High quality triaxial testing of undisturbed clay samples requires
considerable care during sample preparation and tightly controlled lab-
oratory procedures during reconsolidation and shear.

The procedures and equipment outlined in this appendix are similar
to those used by Crooks (1973), but have been modified to conform with
the equipment currently available in the University of Manitoba. An im-
portant feature of this equipment is that the soil] sample is supported
at all stages of trimming and building-in. A detailed description of the
test equipment and procedures is presented in the following section under

the sub-divisions:

A. Equipment Preparation;

B. Sample Trimming and Building-in;

C. Drained Consolidation-Load Increment Procedures;

D. Back-pressuring and Preparation for Undrained Shear;
E. Undrained Shear;

F. Building-out.
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A. EQUIPMENT PREPARATION

As in any laboratory testing it is important to have all of the
testing apparatus and sample preparation equipment prepared in advance
of their being required. This section presents the preliminary prepara-
tions prior to trimming and building-in the sample.

1. Collect the sample preparation equipment. This includes:

a) Trimming and building-in apparatus (see Fig. A.1)

base plate top Toading cap
trimming platform | filter stone holder
cutting cylinder three-holed clamp
top cap holder split clamp

membrane stretcher

b) Associated equipment

glass plate silicone o011

wire saw stopcock

sharp knife 3" diameter rubber o-rings
filter stone 3" diameter rubber membranes

filter paper

2. A1l the trimming equipment should be checked for smooth action
and 1ightly oiled with silicone oil. The leading edge and inside

surface of the cutting cylinder should be lightly greased also.

3. Check that there are adequate supplies of deaired distilled
| water. A pressure tank full of deaired, distilled water is re-
quired for filling the cell; the tank should be put under vacuum
for at least 24 hours to ensure it is adequately deaired. In
»addition, about 2 Titres of deaired, distilled water is required

‘for the drainage leads, the burettes, and flushing purposes.
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Deair the porous stone the day before the building-in the

sample.

Prepare the triaxial cell and accompanying equipment. This
includes:

3" rotating bush, triaxial cell: cell base and top;

3 burettes and a burette stand;

pressure control equipment and measuring gauges;

supply of engine 0il and small mechanical pump;

Toading hanger and ball bearing;

dead weights;

dial gauge;

piston c]amp.
Note that during most of the testing, cell pressure and back-
pressures is supplied by an air line and reducing valve system.
This system provides constant pressures up to about 400 kPa.
Pressures above this were supplied by a self-compensating mer-
cury pot system. Pressure gauges reading to + 1.0 psi allow the
cell pressure and back-pressure to be applied approximately.
Precise contrd] of the pressures is monitored by pressure trans-
ducers and a calibrated LED voltmeter. Pressure transducers are
attached to one of thevcell drainage leads and one of the
pedestal drainage leads. These transducers, coup]ed with the LED
voltmeter (i.e. electrical signal conditioner), provide readings
of cell pressure and pore pressure to within = 0.1 kPa. |
Sometime before beginning each test the pressure transducers and
the LED voltmeter are calibrated. The procedure for this calibra-

tion is:
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a) fill the triaxial cell with deaired water to a level equal
to the mid-height of the sample; this becomes the reference

point for pressures;

b) open the drainage connection to the cell pressure transducer
and pore pressure transducer and turn on the signal condi-
tioner;

c) an air pressure line (from a reducing valve) is attached

through a y-connection to both the top of the triaxial cell

and a single 1imb mercury manometer; this enables a known
pressure to be applied to the top of the water in the cel]

(and thus the pressure transducers);

d) a pressure of 39 psi (the maximum capacity of the existing
manometer) is applied to the transducer (as measured by the
mercury manometer); the span adjustments for both channels
of the signal conditioner are then manipulated so that they

read this pressure;

e) the air pressure is then reduced to atmospheric pressure

(ensure this by opening the relief valve on top of the cell);

the signal conditioner reading on both channels are adjusted
to read zero by using the separate zero adjustment for each

channel;

f) steps (d) and (e) are repeated until the correct pressure
readings are found for both channels without further span or
zero adjustments; this usually takes two or three repetitions

of steps (d) and (e).
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The pressure transducers and signal conditioner are now calibrated
Daily rezeroing to account for changes in atmospheric pressure
during testing is discussed in section C. The signal conditioner

should now be left on continuously for the duration of the test.

7. The weight of equipment used in calculating axial stresses due to
dead load is determined. These items include: the loading hanger,
the loading piston, the ball bearing, the dial gauge, the top load-
ing cap, and the rubber membranes. In addition, the weight and

inner diameter of the cutting cylinder are needed.

8. Two moisture content tins are prepared and a large tare is. used to
hold sample trimmings. These trimmings are used to perform the
standard classification tests such as Atterberg limits, specific

gravity, and hydrometer grain size analysis.

B. SAMPLE TRIMMING AND BUILDING-IN

- This phase begins after all of the preparatory work is completed.
"The triaxial cell top is off and the trimming equipment is not in place.
A roughly cut sample should be ready. The use of the trimming equipment
is shown in Fig. A.2. The trimming equipment itself is shown in Fig. A.1.
1. The cell pedestal is deaired by flushing water through the pede-
stal by means of burettes attached to the pedestal drainage
leads; the deafring process is continued until no air bubbles
are detected in the water flushing through the pedestal; a suc-
tion Tine is used to suck up the excess water flowing from the

top of the pedestal.
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The base plate of the trimming equipment is placed loosely on
the cell base with the sample cutting cylinder in posi;ion on
the uprights (cutting edge uppermost). The cell plate is ad-
Justed until the cutting cylinder is accurately centered over
the pedestal base, and then tightened in place. It should be
noted that satisfactory operation of the trimming equipment can
only be achieved if this centering process is carried out

accurately.

The trimminé tab1e.is attached to the base plate. Prior to
placing the roughly trimmed sample on the trimming table, the
bottom end is squared off. The sample is then placed centrally
on the trimming table so that it Ties within the projection of

the cutting cylinder for its fuli length.

The cutting cylinder (cutting edge down) is now forced slowly
down into the clay to a depth of slightly less than the full
length of the cutting edge. The excess clay outside the cutting
edge is then removed using a piece of cutting wire (or a sharp
knife). Particular attention must be paid to avoid undercutting

the leading edge (see Fig. A.2(a)).

Usihg the technidue described above, the cutting cylinder is
gradually filled with clay as it is pushed in steps towards the
trimming tabie.‘During this trimming process two moisture con-
tent samples (one from near the top and one near the bottom) are
taken from the trimmings. The remainder of the trimmings are

collected in a tare and are used afterward for standard classi-
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fication tests (i.e. Atterberg Timits, grain size analysis, and

specific gravity).

The trimming process continues until approximately 1 cm of clay

protrudes from the top of the cutting cylinder. The cutting

cylinder is then removed from the uprights, taking care to sup-
port the soil in the cylinder, and placed (cutting edge 40wn) on
a glass plate. The clay is trimmed flush with the non-cutting
edge of the cylinder and the top loading cap is placed on this
end. The cylinder is inverted and the loading cap forced app-
roximately 1 cm iqto the cylinder. The clay is then trimmed

flush with the cutting edge of the cylinder.

The top loading cap is removed and the cutting cylinder filled
with wet clay is weighed. Note that any excess clay on the

cutting cylinder must be removed prior to weighing.

The cﬁtting cylinder is placed, cutting edge down, on a glass
piate. The saturated deaired filter stone is placed in the
filter stone holder. The filter stone and its holder are then
attached to the top of the cutting cylinder. Care should be
taken to ensure that the filter stone remains saturated during
this process. The cutting cylinder, full of clay, with the
filter stone hé]der in place, is shown in Fig. A.2(b). A glass

plate has been placed under the cutting cylinder.

The trimming platform is removed and a meniscus of water is
formed on the pedestal. The two pieces of the split clamp are

slid to the bottom of the uprights.
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The cutting cylinder is inverted (filter stone and holder on
bottom), placed on the uprights, and s1id down the uprights to
the pedestal. At this point the filter stone is unclamped from

its holder.

The top loading cap and its holder are placed on the uprights.
The clamp is secured in place on the uprights and the top load-
ing cap is Towered until contact is made with the top of the
sample. The top loading cap is secured “in thfs position by

tightening the center screw of the clamp.

The cutting cylinder and attached filter stone holder are care-
fully slid up the uprights until they are about 8 cm clear of
the top loading cap. They are secured in this position. The

split clamp is brought up from the bottom of the uprights and

~ clamped in place just above the Toading cap. The sample is then

standing on the pedestal base with its top supported |
(Fig. A.2(c)). The cutting cylinder and the other clamp are

removed from the uprights.

The hefght and the diameter of the sample are determined and
recofded on data sheet 1 (Fig; A.4). The diameter is taken as
the average of measurements taken at the top, middle, and bottom
of the sample. Similarly three measurements of the height of the
sample are made to compute an average height.

A thin coat of silicone stopcock grease is applied to the side

of the pedestal and the loading cap.
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Lateral drains are provided by applying filter strips, approx-
imately 1 cm wide, longitudinally around the circumference of
the sample. Care must be taken to ensure that the filter

strips overlap the filter stone at the bottom of the sample
(Fig. A.2(d)). Note that the filter strips are saturated before

being applied to the sample.

One rubber membrane is put on the membrane stretcher along with
one o-ring at the bottom. The membrane stretcher is then put on
the uprights and locked in position above the split clamp. The
other clamp is’placed on the uprights and is used to lock the

top cap in place. This allows the split clamp to be separated

and Towered below the sample while the other clamp supborts the

- top loading cap. The membrane stretcher jis Towered and the first

membrane put over the sample with one o-ring at the bottom. The
membrane stretcher is then raised above the sample and locked in
place. The split clamp is again slid above the sample and used
to Tock the top cap. The membrane stretcher and the other clamp
are removed from the uprights. After the first membrane is on,
water is allowed through the pedestal from one of the pedestal
drainage burettes. This allows the region between the membrane
and the sample to be saturated. Care should be taken to ensure.
that most of the air bubles between the sample and the first

membrane are eliminated.

A layer of silicone 01l is applied to the outside of the first
membrane. Using the same procedure as in step 16 a second mem-

brane is put over the sample. However, in this case a total of
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four additional o-rings are put on the sample. Two are put on
the pedestal and two on the Toading cap. Care must be taken not
to pinch the sample when rolling the sealing rings on to the
pedestal and the loading cap. Fig. A.2(e) shows the sample,
with the membrane stretcher surrounding it just prior to rolling

on the second rubber membrane and the 4 rubber o-rings.

After placing the second membrane and its 0-rings, the membrane
stretcher is secured above the sample so that the split clamp

can be brought above the sample and Tlocked in place.

The top cap holder screws are removed, a110w1ng'the top cap
holder, the membrane stretcher, the split clamp and the other
clamp to be taken from the uprights. The base plate is then
carefully removed, leaving the sample free-standing on the

pedestal as shown by Fig. A.2(f).

The cell top is fitted on the cell base and screwed down. This
is a most critical step because the sample is free-standing and
easily disturbed. Care should be taken to ensure that the
loading piston is clamped and out of way, and that the bushing

drive lines up with the bushing.

Thé-]oading piston is lowered until contact is made up with the
sample. The piston is then locked in place; thus providing

support for the sample.

The cell is filled with deaired water to a level just above the

top cap. At this point a layer of engine 0il about 2 to 3 cm
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is pumped into the cell through the connection in the top of
the cell. After this, filling of the cell through the cell
base is continued until some of the engine oil begins to come
out the top connection. The cell is now full and a plug is put
in this top connection. The pressure in the cell should be

very low.

Air trapped in the pedestal and drainage leads is now removed
by passing watef between two burettes attached to the pedestal
drainage leads. This is accomplished by establishing a'gradient
between the two burettes .and alternately flushing in one direc-
tion or the other. The process is continued until flushing
produces no more air bubbles and all air bubbles are removed

from the drainage lines.

One of the drainage leads from the pedestal is sealed off. The
other is Teft open and the water level in its drainage lead bur-
ette is set at midheight of the sample. Additionally, a drainage
lead and burette is attached to the cell pressure transducer

connection. The water level in this burette is also set at mid-

height of the sample.

The rdtating bush drive coupling is attached. The thrust post,
which takes any torque imparted to the loading piston by the

rotating bush, and the torque arm are put in place. Care must
be taken to ensure that torque arm and thrust post are in con-
tact and that the direction of the rotation of the bushing has

been accounted for.
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The vertical dial gauge is put in place. Its placement should
facilitate its reading during loading and must accommodate the

loading hanger when in place.

The ball bearing and loading hanger are placed in position on

top of the loading piston.

The sample is now ready for its first load increment. Prior to this it

is advisable to clean the trimming equipment and set it aside. Fig. A.3

shows the triaxia]‘set—up.

C. DRAINED CONSOLIDATION - LOAD INCREMENT PROCEDURES

1.

In calculating the first Toad increment for the sample the dead
Toad contribution, W,, to the stress at the midheight of the
sample is required. This calculation is completed on data sheet

1 (Fig. A.4).

The initial volume, V_, of the sample, its initial height, Hg,
and initial cross-sectional area, Aos are established on the
basis of the measurements taken while building-in the sample.
These values, along with the dead load value W,, are transferred
to data sheet 2 (the standard data collection sheet for the

drained portion of the test) shown in Fig. A.5.

The desired stresses for the first loading increment are trans-
ferred to the data sheet. The axial Toading required to give
the correct value of c;'from the selected 0; is calculated by

the relationship:
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P ot a o
o, = 03(1-—K) +

where

a = piston area

A = instantaneous sample cross-sectional area = %
wo = dead Toading described above

P = extra Toading on hangef.

Prior to applying the first loading increment the following
items should be checked. Only one of the drainage leads from
the pedestal should be open. The water level in the burette
from this lead is set at the mfdheight of the sample and the
burette reading is noted. The axial displacement gauge should
‘be set and the initial reading recorded. Both of the pressure
transducers should be reading approximately zero pressure. The
loading piston is unclamped at this point and the rotating

bushing turned on.

At a cdnvenient time, the axial and cell] pressures are applied.
The cell pressure should be applied first, followed as quickly
as possible by placement of the dead weights on the hanger. Dial
gauge énd burette readings are then taken with time to monitor
the conso1iqation of the sample. The most complete set of
readings are achievéd if the standard 'doubling' of time inter-
vals is used (i.e. 1 min, 2 min, 4 min, 8 min, 15 min, 30 min,
1h, 2h, 4hn, etc.). The readings are recorded on a data sheet
similar to Fig. A.5 and may then be plotted against the log of

time to monitor the axial and volumetric straining of the sample.
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Subsequent load increments are usually applied at 24 hour inter-
vals. The most convenient time is as early as possible in the
morning because it allows a complete set of dial gauge and bur-
ette readings to be taken in a standard working day. The daily
Toading procedure is summarized in the following steps:

Daily Loading Procedures:

a) The time, burette reading, and dial gauge reading are

recorded.

b) A known volume of water is flushed through the sample drain-
age system using the second burette attached to the other
pedestal drainage lead. This enables the volume of any air in
the cell base to be determined and noted. On this basis,
volume changes due to the explusion of water from the sample,

" can be determined. This is particularly important when dealing
with organic clays which can produce gas and thus misleading

burette readings.

c) Having flushed the drainage system, the second drainage lead

is again closed and the other, being used to measure volume

change, 1svreset such that its water level is at midheight

of the sample.

d) Due to changes in atmospheric pressure the pressure trans-
ducers should be rezeroed every day before applying a new
load increment. This is accomplished by closing the drainage
leads of the triaxial cell on the cell side of the two pres-
sure transducers. A head of water equal to the midheight of

the sample is then applied to the transducers using a burette.
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The digital readings for the two channels of the signal
conditioner are noted and then reset to zero using the zero
adjustments. The drainage leads at the cell are again re-

opened and the actual cell pressure is then recorded.

e) The final stresses for the loading increment are established.
First the height and volume of the sample at the end of the
increment.are calculated on the basis of the change in dial
gauge reading and the change in burette reading. The final
cross—sectiéna] area of the Samp]e is found by dividing the
sample volume by its height. Knowing the cell pressure, the

final axial stress is calculated from the equation:

+P

wO

" t a-

o, = 03(1-K) +

f) The next set of stresses along the desired stress path are
determined. Using the equation above, the necessary additional
dead load is calculated and the procedures listed in step 5

of this section are again followed.

7. These procedures are followed as the sample is consolidated

along its predetermined stress path.

D. BACK-PRESSURING AND PREPARATION FOR UNDRAINED SHEAR

If the sample has not failed during the drained stress-control-
§
led portion of the test, it is put into undrained shear. The following
section describes the steps necessary to move the sample from the

stress-controlled, triaxial consolidation set-up in Fig. A.3 to a
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strain-controlled compression frame for undrained shearing. The back-

pressuring procedure whereby the cell pressure and porewater pressure

are simultaneously raised to dissolve any unwanted air in the porewater,

is also described.

1.

The daily loading procedures, outlined in section C6, are follow-
ed to the point of calculating the final stresses on the sample

due to the previous déy's load increment.

A strain-controlled compression frame with a suitable proving
ring or load cell is readied and brought in close proximity to

the stress-controlled set-up.

The axial Toad on the proving ring necessary to #ep]ace the

dead load on the sample from the hanger and dead weights is cal-

culated. This calculation is performed using the data sheet in

Fig. A.6. In addition, the change in proving ring reading caused
by a 6.9 kPa change in cell pressure acting on the loading piston

area is calculated.

Preparations are made to transfer the triaxial cell from the set-
up in Fig. A.3 to the strain-controliled compression frame. First,
the compression. frame is moved as close as possible to the stress-
controlled set-up. The rotating bush motor is turned off and the
bushing connection is uncoupled. The loading piston is clamped

in place and the hanqer and dead weights removed. A1l of the
cell's drainage leads are closed. The final effective stresses

on the sample are maintained by the clamped loading piston, and
the cell and porewater pressures existing on the sample prior to

closing the drainage leads. The time, axial dial gauge reading,
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cell pressure, and pore pressure are all recorded at this stage

(Fig. A.6).
A1l burettes are closed off and disconnected.

The cell is then transferred to the compression frame. This
should be done with the cell pressure and porewater pressure
transducers still connected to the signal conditioner. The nec-

essity of turning off the signal conditioner is thus avoided.
1

Once the cell is transferred to the compression frame, the eff-
ective stresses which existed in the drained stress-controlled
set-up are re-established. The cell pressure is reconnected and
the correct pressure is reapplied using the cell pressure reduc-
ing valve. The burettes are reattached and the pedestal drainage
is reopened. Care should be taken when reconnecting the burettes
so that no air is introduced into the system. The level of the
water in the bureftes is reset to the midheight of the sample.
The rotating bush drive is reattached to the bushing. The prov-
ing ring is then brought in contact with the loading piston

using the strain-controlled compression machine's fine feed ad-
Justment. The proving ring reading necessary to reintroduce the
final axial stress (calculated in step 3) is slowly applied. The
load piston is then unclamped and the bush motor is reactivated.
At this point the following information is noted on Fig. A.6:
time, axial dial gauge reading, proving ring reading, sample
drainage burette, cell pressure, and pore pressure. The effec-

tive stresses on the sample have now been reestablished in the
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strain-controlled set-up. No major axial or volume displacements

should be observed at this stage.

Prior to proceeding with back-pressuring, the sample drainage
system should be flushed to remove any air introduced by re-
attaching the burettes. 1In addition, it is prudent to again

rezero the pressure transducers.

The sample is ready for back-pressuring. .The cover is placed on
the back-pressure burette and air pressure‘supp1yvis attached to
the burette. Note that this may produce a small reading on the
porewater pressure transducer. However, the transducer should

not be rezeroed.

The back-pressure is usually from 20 to 30 psi (138 to 207 kPa)
and is applied in four intervals to ensure that no sudden changes
in effective stress occur. Initially the first quarter of the
back-pressure is applied to the back-pressure burette. Simul-
taneously the cell pressure is increased by the same increment
and the proving ring reading is increased by an amount equal to
the upward force from the cell] pressure increment. The cell
préssure, pore pressure, proving ring, back-pressure burette,

and axial dial Qauge readings are all recorded. This process is

'cbntinued in intervals until the full back-pressure has been

applied.

The next step is to check that the sample is adequately saturated
for undrained shearing. This is accomplished with a 'B’ test.

First the back-pressure burette is closed-off. The cell pressure
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is increased by 5 psi (34.5 kPa) and a corresponding compensa-
tory loading is applied to the proving ring.  The pore pressure
change accompanying the increase in cel] pressure is monitored
for a period of up to 30 minutes. The readings are recorded in

Fig. A.6. The value is calculated from: B = Au/Ac,.

If B is greater than 98 percent, the sample is ready for un-
drained shearing. For a B value less than this, the sample
should be allowed to sit overnight under full back-pressure.
Ahother B tégf is done in the morning. If this is still unsatis-

factory, further flushing and back-pressuring may be necessary.

At the completion of the initial part of B test the cell pres-
sure and proving ring readings should be reset to their values
prior to the test. The porewater pressure during this phase is
also monitored for a period of about 30 minutes. This reduction

in cell pressure provides for the calculation of another B value.

After completing the B test and prior to starting undrained

shear, the porewater pressure should be allowed to stabilize

-under full back-pressure for a period. If the porewater pressure

reading changes significantly after closing the back-pressure
burette, excess porewater pressures from the B test still exist

in the sample. It should be allowed to sit until closing of the

burette causes no such changes. The sample is then ready for

undrained shear.
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UNDRAINED SHEARING

1.

Before shearing, the desired strain rate is set on the compres-
sion machine. A rate of approximately 1 percent per hour is

acceptable for most tests. Care should be taken to ensure that
the proper combination of gears have been chosen to produce the

desired strain rate.

When ready to shear, the back-pressure burette is closed and

the ﬁompression machine is turned on. Readings of axial dial
gauge, proving ring, cell pressure, and pore pressure are taken
with time. These are taken every 10 minutes for the first hour
and at 20 minute intervals thereafter. The readings are recorded

on the data sheet shown in Fig. A.7.

After reaching a peak proving ring reading, the sample is
strained for another 2 to 3 percent of axial strain. The com-
pression machine is then switched off to carry out a relaxation
test to estimate strain rate effects. This consists of taking
readings of proving ring and axial dial gauge with time. After
switching off, the time interval for these readings is as
thmm155,%5,]mh,2mM,4mm,8mm,]5mn,mIMm
1 hr, etc. The minimum switched-off period which gives a use-
ful range of strain rates is about 1 hour. However it was often
convenient to leave the motor off overnight. Note that pore-
water pressures do not usually change significantly during this
process. Dial gauge and proving ring readings should be inter-

polated to 0.1
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If the test is left overnight, shearing is recommenced in the
morning. At this point the sample is sheared to large strains

(up to 20 percent) with readings taken at 1/2 hour intervals.

F. BUILDING-0UT

Although the test might now normally be considered finished,

considerable care must stil] be exercised so that an accurate determina-

tion of the final moisture content of the sample can be made. This

determination allows the compatibility of the initial moisture content,

the drainage volume during consolidation, and the final moisture con-

tent to be checked.

1.

The compression machine drive is switched-off and the proving
ring reading is reduced to zero. The sample drainage connec-
tions should be closed at this point. The drainage fitting is

put in the top of the cell.

The engine 011 still in the cell is forced out of the top of

the cell and collected for separation and reuse.

The cell is dréined through the cell connection to the water

tank.

The cell drainage leads are closed at the cell base and the
burettes are detached. The electrical connections from the sig-
nal conditioner to the pressure transducers are uncoupled. The
loading piston is clamped in place such that it supports the

top of the sample.

The triaxial cell is then moved from the compression frame to a
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more convenient location for cleaning and sample removal. The

cell top is removed.

The Tower sealing o-rings are rolled down the pedestal and the
Tower portion of the rubber membranes is pulled up to bring the
pressure inside the sample to atmospheric. The top o-rings are

removed from the loading cap.

The rubber membraneé are s1id to the bottom of the pedestal.
This allows the removal of the sample from the pédesta] with the

loading Cap and filter stone still in place.

The lateral drainage filter strips are removed. This is facili-
tated by Using a hypodermic needle filled with water to saturate

them prior to their removal.
The filter stone and top loading cap are removed from the sample.

A moisture content determination is made from the sample. De-
pending on its future use, the remainder of the sample is then

stored in an appropriate manner.
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TRIMMING AND BUILDING-IN EQUIPMENT

Al

FIG.
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Sheet 1

TRIAXTAL TEST

Test No: Date:

Test Type: Tested By:

Sample Identification: BH Sample No: _ Depth: it'
Sample Description: )
TEST SAMPLE DIMENSIONS AND UNIT WEIGHT DETERMINATION

Diameter of test sample, D = ins. cms.
Height of test sample, H = ins. cms .
Volume of test sample, vo= in® cc.
Weight of test sample + cutting ring = gms.

Weight of cutting ring = gms.

Weight of test sample W = gms.

Wet Unit Weight = WO/V° =

DETERMINATION OF W°

Downward Force, FD

Weight of hanger = gms .
Weight of piston = gms.
Weight of ball = gms.
Weight of dial gauge = gms.
Weight of top cap = gms.
Weight of % test sample = gms.
Weight of % membrane = gms.

, TOTAL FD = gms.

2

Upward Force, FU = th;yw = O.7854D°h;yw= gnms.

Net load at mid-height of test sample,
W° = FD - EL = gms.

Remarks: *h = Distance between the top of the sample
and mid-height of sample.

FIG. A.4 - DATA SHEET FOR BUILDING-IN SAMPLE



SAMPLE NO ...
TRIAXIAL CONSOLIDATION.

1cm3 = 0,061 183

LOCATION. ...

.. SHEET NO.

1B/t = 5,0lcm Hg ... oo, PISTON AREA .
WESGHT
ToTAL AXIAL. HEIGHT = | VOLUME= | AREA = [[RURETTE |AVv=\oL
} Al - SAY 6 0- TERM EQ
DATE | TiME 2’:2“‘:’:;’ “g‘“”'”)" N )( /A% (- 7A) PA ¢ - -av)| wm () | expensn G | & /o

FIG. A.5 - DATA SHEET FOR RECORDING LOAD INCREMENT DATA

=281~
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BACK PRESSURE APPLICATION

TEST TYPE

_______ SHEET NoO _ _

CHECK CONSOLIDATION WEIGHTS : CORRECT ]

Wy DURING CONSOLIDATION
REMOVE HANGER WT.
Wo DURING SHEAR

PRING FACTOR
(1&/piv; kg /o)

TOTAL AXIAL LOAD (END OF CONSOLIDATION)

AXIAL LOAD — SHEAR W, (LB or bg) ______ SPRING Dwv__
PISTON AREA _ _ _ _ _ (IN?)  CELL PRESSURE INCREASE of | psi PRODUCES
LOAD oN RING = _ _ __ LR = _——— b

WHEN MovED To ComP. FRAME,

ZERO TRANSDUCERS: CELL PRESSURE I ——— T _

PORE PRESSURE _ _ __—>_ _ _ _
: f AUAL | PROVING | BURET | CELL | PORE
D IM [ !
ATE iT E | ACTIVITY If GADQ)‘Z;LE | RING t !paassuﬁ&;%&sueg

— — - END OF consouipaTion
- . CLAMP PiSTON
MOVE To comp. FQAME.; SET

- o RRING; orcLaMPp.
—~—-- PLUS 4 x BACK PRESS.5-75psi _ _ _

" %/4_ I8
— i % 1

CHECK SATURATION CLOSE OFF BURET.

v 20-30pst

PRING APPROPRIATELY, READ AU.. B-= Au/ncy

INCREASE. ATz ABOUT S Pst AND INCRENTNT

DATE | TIME | cELL Peess

PORE PRESS

AXIAL D.G

P.RING

B=80/0T%

FIG. A.6 - DATA SHEET FOR TRANSFER OF SAMPLE TO STRAIN-CONTROLLED
COMPRESSION FRAME, BACK-PRESSURING, AND B TEST
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UNDRAINED SHEAR

SAMPLE _ TEST TYPE _ _ . SHEET NO ——
LOCATION o e L — DANTE _ _ _ __ _
PROVING RING NO. _ _ _ _ _ PROVING RING FACTOR —— — LBiDW

Ka/Dbivy
TESTING RATE  ___ ___ __ IN/MING MM/MING % /HR

_______ GEAR Box (LETTER, DRIVER/DRIVEN |
FOR EXAMPLE. D, 54206 )

ZERO TRANSDUCERS: CELL PRESSURE _ I T e
PORE PRESSURE __ . _—>
DATE | TIME |AXIALDIAL | PROVING CELL pore NOTES

GAUGE RING PRESSURE | PRESSURE

L

FIG. A.7 - DATA SHEET FOR UNDRAINED SHEAR
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APPENDIX B

STRESS CONTROLLED DRAINED TEST RESULTS




TABLE B.1

STRESS CONTROLLED DRAINED RESULTS - TEST T20I

Load
el vien O % 9l o aer e, s et 4 g
(h) (kPa)  (kPa)  (kPa) (kPa) (%) (%) (%) (cm?®)  (kN-m/m?®)
1 17 45.0 29.3 34.5 15.7 0.651 0.40 0.34 -0.03  45.01 0.08
2 28 64.7 42.1 49.6 22.6 0.651 0.84 0.91 0.04 45.16 0.37
3* 46 91.3 59.2 69.9 32.2 0.648 1.37 1.63 0.13  45.06 0.88
4 20 112.9 70.1  84.4 42.8 0.621 1.76 2.12 0.18  45.03 1.34
5 23 135.3 81.6 99.5 53.8 0.603 2.25 2.67 0.21 45.01 1.99
6 23 156.2  91.8  113.3 64.4 0.587 2.69 3.15 0.23 44.98 2.67
7 24 178.7 103.1 128.3 75.6 0.577 3.13 3.61 0.24 44.98 3.43
8 23 199.9  113.5 142.3 86.4 0.568 3.57 4.06 0.25 44.97 4.27
9 25 222.4 124.8 157.3 97.6 0.561 4.01 4.42 0.21 45.01 5.12
10 25 243.5 135.3 171.3 108.2 0.555  4.41  4.83 0.21  45.00 6.05
11 22 265.8  146.2 186.1 119.6 0.550  4.82 5.16 0.17 45.04 6.98
12 23 287.8  157.2  200.7 130.6 0.546 5.35 5.57 0.11  45.07 8.26
13 24 309.3  167.7 214.9 141.6 0.542 5.80 5.92 0.06 45.14 9.44
14 24 331.3  178.7 229.6 154.4 0.539 6.41 6.43 0.01 45.19 11.23
15 22 350.8  189.5 243.3 161.2 0.540 7.13 6.92 -0.11  45.31 13.24
16 24 374.1  200.8 258.5 173.4 0.537 8.63 7.73 -0.45 45.65 17.35
17 26 393.8  211.5 272.3 182.3 0.537 11.49 8.86 -1.32  46.55 24.74
18*** g 411.9  221.7 285.1 190.2 0.538 15.35 9.83 -2.76  48.17 33.18

Approximate in-situ stresses

* k%

Sample failed in drained shear during this increment; results shown are

set of readings and are assumed to represent the failure condition

t Calculated from: €y

= (sv--z-:1

)/2

calculated from the last

-981-



TABLE B.2 STRESS CONTROLLED DRAINED RESULTS - TEST T202

Load
e R S T S
(h) (kPa) (kPa)  (kPa) (kPa) (%) (%) (%) (cm?)  (kN-m/m®)
1 21 44.9 29.2 34.4 15.8 0.650 0.34 0.68 0.17 44.88 0.13
2 23 65.0 42.3 49.9 22.8 0.650 0.74 1.13 0.20 44.79 0.37
3% 23 91.0 59.2 69.8 31.8 0.650 1.25 1.91 0.33  44.66 0.90
4 20 116.8 75.8 89.5 41.0 0.649 1.74 2.60 0.43 44.57 1.54
5 23 147.2 94.2 111.9 53.0 0.640 2.30 3.35 0.52  44.48 2.43
6 24 176.3 112.2  133.6 64.2 0.636 2.76 3.99 0.62  44.40 3.38
7 23 204.0 129.8 154.5 74.2 0.636 3.22 4.56 0.67 44.34 4.38
8 23 232.3 147.4  175.7 85.0 0.635 3.68 5.16 0.74  44.27 5.57
9 25 260.7 165.3  197.1 95.4 0.634 4.08 5.62 0.77 44.24 6.66
10 24 288.9 182.9  218.2 106.0 0.633 4.56 6.17 0.81  44.20 8.12
11 22 316.9 200.3  239.2 116.6 0.632 4.98 6.61 0.82 44.19 9.43
12 23 345.5 218.3  260.7 127.2 0.632 5.48 7.16 0.84 44.17 11.17
13 24 374.2 236.5 282.4 137.8 0.632 6.01 7.68 0.84 44.17 13.07
14 24 402.3 253.9  303.4 148 .4 0.631 6.65 8.31 0.83 44,17 15.51
15 22 430.5 271.4 324.4 159.2 0.630 7.47 9.22 0.88  44.12 19.19
16 24 459 .8 289.0  345.9 170.8 0.628 8.89 10.41 0.76  43.82 25.06
17 26 486.3 306.9  366.7 179.4 0.631 10.22 11.44 0.61  43.95 30.47
18 117 514.0 325.1  388.0 189.0 0.632 12.70 13.20 0.25 44.29 40.60
19 145 543.7 342.6  409.6 201.1 0.630 13.78 14.05 0.14 44.40 45,54
20%* 264 571.9 360.2  430.8 211.6 0.630 14.88 14.94 0.03  44.50 50.94

* . . :
Approximate in-situ stresses

** Sample put into undrained shear after this stress level
T Calculated from: €, = (Ev—el)/2
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TABLE B.3

STRESS CONTROLLED DRAINED RESULTS - TEST T203

Load
ig:i’s 5?22_ o} o ot (0,=03)  0y/o] €, €, £, A W
(h) (kPa) (kPa) (kpPa) (kpPa) (%) (%) (%) (cm?) (kN-m/m?)
17 42 44.0 29.5 34.3 14.5 0.671 0.54 -1.50 -1.02 45.77 -0.18
2 51 65.2 42.3 49.9 22.8 0.650 1.30 -0.80 -1.05 45.69 0.21
3* 46 90.9 59.7 70.1 31.2 0.657 1.64 0.08 -0.78 45.56 0.81
4 48 120.3 83.4 95.7 36.9 0.623 2.21 0.69 -0.76 45.55 1.44
5 95 149.8 107.3 121.5 42.5 0.717 2.73 1.13 -0.80 45.59 2.06
6 72 179.6 131.6 147.6 48.0 0.733 3.25 1.93 -0.66 45.46 3.25
7 120 209.3 156.0 173.8 53.3 0.745 3.77 2.74 -0.52 45.32 4.67
8 48 238.9 180.1 199.7 58.7 0.754 4.23 3.15 -0.54 45.28 5.72
9 144 268.2 204.3 225.5 64.1 0.761 4.54 3.89 ~0.33 45.15 7.33
10 121 296.1 226.5 249.7 69.6 0.775 4.93 4.52 -0.21 45.04 8.95
11 167 326.8 252.0 276.9 74.9 0.771 5.35 5.20 -0.08 44.92 10.88
12 120 359.9 276.0 304.0 83.8 0.767 5.79 9.83 2.02 42.92 23.45
13 194 389.4 300.7 330.2 88.7 0.772 6.20 13.27 3.54 41.39 33.73
14 191 416.9 324.1 355.0 92.8 0.777 6.57 15.48 4.46 40.49 40.99
15 192 446.1 348.7 381.2 97.4 0.782 6.97 16.73 4.88 40.07 45.55
16** 123 474 .4 372.3 406.3 102.1 0.785 7.37 17.66 5.15 39.79 48.34

Approximate in-situ stresses

* %

Sample put into undrained shear after this stress level

Calculated from : €

7 A volume increase was recorded during the first load increment

= € _-€)

/2
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TABLE B.4 STRESS CONTROLLED DRAINED RESULTS - TEST T204

Load
Tovess a0 00 %y (00 oo e e et oA "
(h) (kpPa) (kPa) (kPa) (kpPa) (%) (%) (%) (cm?)  (kN-m/m®)
1 39 46.1 30.5 35.7 15.7 0.661 0.53 0.84 0.16 44 .82 0.17
2 7 113 69.6 42.4 51.5 27.2 0.609 1.81 1.05 -0.38 45,32 1.07
3" 286 89.5 59.1 69.2  30.4 0.660 2.33 2.72 0.20 44.79 1.63
4 191 113.1 82.0 92.4  31.0 0.726 2.74 3.61 0.44 44.57 2.38
5 193 134.9 104.9 114.9 29.9 0.778 3.07 4.39 0.66 44.35 3.21
6 ** 216 156.9 127.8 137.5 29.1 0.815 3.40 5.26 0.93 44.10 4.32

Approximate in-situ stresses

* %
Sample put into undrained shear after this stress level

Calculated from: e, = (Ev—el)/2

Suspected leakage required replacement of original rubber membranes during this increment;
strains are estimated
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TABLE B.5

STRESS CONTROLLED DRAINED RESULTS - TEST T205

Load
S dien Ol % % (o000 oyel e e et g ¥
(h) (kPa)  (kPa) (kPa) (kPa) (%) (%) (%) (cm?) (kN-m/m?3)
1 36 35.5 23.0 27.2 12.5 0.649 0.43 0.72 0.14 44 .85 0.11
2 23 70.9 45,2 53.7 25.9 0.637 1.26 2.13 0.44 44.59 0.75
3 23 106 .0 68.3 80.9 37.6 0.645 2.03 3.38 0.68 44.36 1.71
4 22 139.6  102.2 114.7 37.4 0.732 2.58 4.54 0.98 44.08 2.89
5 27 172.8  135.3 147.8 37.5 0.783 3.02 5.31 1.15 43.92 3.99
6 25 206.3 168.9 181.4 37.4 0.819 3.48 6.34 1.43 43.65 5.71
7 21 239.1  201.7 214.1 37.4 0.844 3.87 7.14 1.64 43.45 7.21
8 24 272.2  234.9 247.3 37.4 0.863 4.32 8.26 1.97 43.13 9.80
9 24 306.7  268.7 281.3 37.9 0.876 4.73 9.28 2.27 42 .84 12.50
10 24 339.2  301.3  314.0 37.8 0.888 5.18 10.41 2.62 42.50 15.95
11 24 371.9 334.3 346.8 37.5 0.899 5.67 11.73 3.03 42.09 20.29
12 24 404.9  367.4 378.4 37.5 0.907 6.17 12.94 3.39 41.73 24.76
13 24 438.0  400.8 413.2 37.3 0.915 6.67 14.07 3.70 41.42 29.25
14™ 24 471.2  433.6  446.2 37.5 0.920 7.20  15.13 3.97 41.13 33.82

*

* %k

Approximate in-situ stresses

Sample put into undrained shear after this increment

Calculated from: €, = (ev—el)/Z
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TABLE B.6

STRESS CONTROLLED DRAINED RESULTS - TEST T206

Load
tevel  tion %1 % %o ©ey oil e e et s "
(h)  (kPa) (kPa) (kPa) (kPa) (%) (%) (%) (cm?) (kN-m/m?)

1 17 36.1 23.7 27.9 12.4  0.657 0.49  0.86 0.19 44 .82 0.13
2 23 70.0 45.0 53.3 25.1  0.642 1.33  2.45 0.56 44.48 0.83
3 * 23 106.1 68.5 81.1 37.6  0.646 2.09  3.68 0.79 44.25 1.76
4 22 147.7 98.1 114.6 49.6 0.664 2.83  4.92 1.04 44.02 3.12
5 27 189.2 127.8 148.3 61.4 0.675 3.47  5.71  1.12 43.93 4.38
6 25 230.0 156.3 180.9 73.7  0.680 4.15 6.80 1.33 43.74 6.40
7 21 272.1 186.5 215.0 85.6 0.685  4.81 7.64 1.41 43.64 8.33
8 24 313.5 215.5 248.2 98.0 0.688 5.66 8.86 1.60 43.45 11.58
9 24 355.2  245.5 282.1 109.7 0.691 6.60 9.95 1.67 43.37 15.05
10 24 395.2  273.3  313.9 121.9  0.692 7.76 11.17 1.70 43.32 19.56
11 24 438.8 303.6  348.7 135.2  0.692 9.44 13.00 1.78 43.21 27.02
12 24 480.5 333.2  382.3 147.3  0.693 10.85 14.48 1.81 43.15 33.70
13 ** 25 522.2  362.8 415.9 159.5  0.695 12.09 15.73 1.82 43.12 39.98

* %

Approximate in-situ stresses

Sample put into undrained shear after this increment

Calculated from: Ea

= (€V—El)/2
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TABLE B.7 STRESS CONTROLLED DRAINED RESULTS - TEST T207

Load
Stress et g o} o! . (0,0 ool e, e, T A W
(h)  (kPa) (kPa) (kPa) (kPa) (%) (%) (%) (cm®)  (kN-m/m®)
1 14 36.3  23.9  28.0 12.3 0.660  0.35  0.42 0.07 44.95  0.07
2 22 70.9  46.1 54,3 24.8 0.650  1.15  1.84 0.35 44.67  0.69
3% 26 106.6  69.2  81.7 37.4 0.649 1.86  3.08 0.61 44,42 1.62
4 24 136.6  83.5 101.2 53.1 0.611  2.52  4.43 0.95 44,10 2.94
5% 24 166.6  97.6 120.6 69.0 0.586  3.18  5.53 1.18 43.89  4.36
6 23 197.6  112.4 140.8 85.2 0.569  4.26  7.28 1.51 43.57  7.01
7 23 227.7 127.0 160.6  100.7 0.558  4.95  8.79 1.92 43.16  9.46
8 23 258.1 141.7 180.5  116.4 0.549  5.72  10.23 2.26 42.83  12.25
9 23 288.0 155.9  200.0  132.0 0.542  6.72  11.67 2.48 42.59  15.63
10 22 318.5 170.3 219.7  148.2 0.535  8.10 13.03 2.46 42.57  19.75
11 25 345.7  183.9  237.8  161.7 0.532 10.50 14.64 2.07 42.90  26.34
12 *** 26  375.9 1990 258.0  178.9 0.529 15.63 18.76 1.56 43.31  42.90

Approximate in-situ stresses

Kk
Sample failed in drained shear during this increment; results shown are calculated from the

last set of readings and are assumed to represent the failure condition
Calculated from: €, = (Ev—el)/z

Loss of cell pressure near the end of increment; final strains were extrapolated from
earlier readings
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TABLE B.8 STRESS CONTROLLED DRAINED RESULTS - TEST T208

Ioad
i;ﬁ:is 2zzz_ N o} 0! (0,704 03/0] €, g, g, T A W
(h)  (kPa) (kPa) (kPa) (kPa) (%) (%) (%) (em?)  (kN-m/m?)
1 10 36.0  23.6  27.7 12.4 _ 0.655  0.28  0.50  0.11 44.88 0.08
2 22 70.5  45.4  53.8 25.0  0.645 1.14 1.98  0.42 44.59 0.75
3% 26 106.7 69.2  81.7 37.6 _0.648  1.88  3.30  0.71 44.33 1.74
4 24 119.5  70.6  86.9 48.9  0.591  2.21  3.73  0.76 44.28 2.18
5T 24 133.4 72,6 92.9 60.8  0.544  2.55  4.13  0.79 44,25 2.67
6 23 147.0 74.4  98.6 72.6 _0.506  3.28  5.09  0.90 44.14 3.85
7 23 161.4  76.7 104.9 84.7  0.475 3.77 6.05 1.14 43.91 4.97
8 24 174.4  78.0 110.1 96.4  0.447 4.29  6.98  1.35 43.71 6.17
9 24 188.1  80.0 116.1  108.0  0.426  5.07  7.87  1.40 43.65 7.66
10 21 201.7  82.0 121.9  118.8  0.406  6.27  8.62  1.17 43.85 9.17
11 *™* 1 214.0 83.4 126.9 130.6  0.390  6.80 8.69  0.95 44.06 9.91

*
Approximate in-situ stresses

*k ok
Sample failed in drained shear during this increment; results shown are calculated from the

last set of readings and are assumed to represent the failure condition

Calculated from: &, = (EV-EI)/Z

#

Loss of cell pressure near end of increment; final strains extrapolated from earlier readings
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TABLE B.9

STRESS CONTROLLED DRAINED RESULTS - TEST T209

Load
Dura- .
itreis tion o o, 0l (0,703)  03/07" N €, €, A
eve (h) (kPa)  (kPa)  (kPa) (kPa) () (2) (%) (cm?)
1 19 35.6 23.0 27 .2 12.5 0.647 0.64 1.21 0.28 44,73
2 23 70.9 45.9 54.3 25.0 0.647 1.44 2.65 0.61 44,43
3 * 27 106.1 68.7 81.2 37.4 0.645 2.04 3.82 0.89 44 .17

*

Approximate in-situ stresses

Calculated from: 83 =

sample put into undrained shear after this increment

(ev—el)/z

mhel-



