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ABSTRACT

The main objectives of this thesis were to examine the effects of
stress-release disturbance on normally consolidated and overconsolidated
samples of simulated offshore clay, and to search for a Tlaboratory
procedure to best recover the 1in situ undrained shear strength,
Seventeen "samples" of i1Titic clay were consolidated one-dimensionally,
offloaded, stored "drained" under three storage times, reconsolidated
using three different procedures, and sheared undrained. The results
were compared with six control "in situ specimens" that had not been
offloaded.

For normally consolidated clay, anisotropic reconsolidation to the
in situ stresses was successful in reproducing the 1in situ shear
strength (su) only from the 15-minute "sample". It underestimated the
S, by 9% and 14% from the 1-day ‘“sample" and the 1-week "sample”
respectively. The isotropic reconsolidation to 0.6x(overburden stress)
underestimated the in situ Sy by 18% to 19%, and while isotropic
reconsolidation to 1.0x(overburden stress) overestimated the in situ
value by 10% to 20% for three storage times.

For the overconsolidated clay, both the anisotropic and the
isotropic 0.6x(overburden stress) procedures successfully reproduced the
in situ Sy from the 15-minute "samples". They underestimated the
in situ value by 18% to 29% from the 1-day and 1-week "samples". The
isotropic 1.0x(overburden stress) reconsolidation overestimated the
in situ Sy by 21% and 11% from the 15-minute “sample" and the 1-day
"sample" respectively, but was successful in recovering the Sy from the

1-week "sample".



The effects of increasing storage time tended to decrease the
undrained shéar strength, and increase the porewater presssure
parameters Af and m if the ‘"samples" were subjected to identical
reconsolidation procedures. A1l three reconsolidation procedures
overestimated the porewater pressure parameters Af and m, the axial
strains at failure. They underestimated the modulus E50 from both the

normally consolidated "samples" and the overconsolidated "samples”.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Increasing demand of hydrocarbon recovery has accelerated
engineering activities within deep offshore water (McClelland 1974). Of
the two principal types of seabed structures used as drilling platforms
in the deepwater offshore hydrocarbon recovery, pile-supported
structures are believed to be more economical compared with gravity
structures. In the shallow water of Canada's East coast, a decision has
been made partly because of difficult environmental loadings from waves
and icebergs, and partly on socio-economic grounds, to develop Tlarge
concrete gravity structures. Design engineers must now design larger
and longer piles, or Tlarger and heavier footings for greater structural
Toads (Semple et al. 1982).  Kwok (1984) stated that one of the
essential requirements for the safe design of offshore platforms 1is a
better understanding of the strength of seabed clays underneath proposed
structures.

In practice, both in situ tests and Taboratory testing on recovered
soil specimens are performed to measure the strength of offshore clays.
While in situ measurement of the soil properties seems conceptually
attractive, the design, fabrication and deployment of in situ apparatus
is a complicated, costly, and time-consuming matter (de Ruiter 1976).
Due to the expense and complication of in situ tests and also because of

some uncertainty in interpreting their results, significant effort must
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still go into soil sampling and conventional laboratory tests on high
quality specimens (Lunne and Christoffersen 1983, Lee 1985). Soil
properties interpreted from in situ tests are most often utilized to
complement laboratory testing on recovered specimens (Vyas et al. 1983).
Soil specimens are also generally required for vroutine soil
classification tests and structural assessment in a geotechnical
investigation. It is desirable to measure the soil properties 1in the
laboratory when soil specimens are available even though they may have
experienced some disturbance. A complete offshore geotechnical
investigation should therefore consist of both extensive in situ testing
and a comprehensive sampling program for laboratory testing (Vyas et al.
1983).

Offshore soil specimens are often of relatively poor quality (de
Ruiter 1977). When offshore specimens are brought up from their marine
environment to the surface, sampling disturbance induced on the
recovered specimens may be classified into mechanical disturbance caused
by boring and sampling; and process disturbance due to release of total
pressures. The effects of mechanical disturbance depend on the nature
of the soils, and the sampling techniques which are wused 1in practice.
New sampling technology capable of minimizing the mechanical disturbance
has greatly improved the quality of specimens recovered from the field
(de Ruiter and Richards 1983)., The effects caused by mechanical
disturbance can therefore be avoided to a greater or less degree.

However the second type of disturbance, namely the process
disturbance due to stress release, generally becomes unavoidable when
soil specimens are removed from the seabed. The reduction in total

stresses during offshore sample recovery results in the generation of
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negative porewater pressures, swelling of soil materials out of the end
of the core tubes, and gas bubbling phenomena (Fukuoka and Nakase 1973;
Broms 1980). These effects become even more pronounced for gassy clays
which generally expand in a nonuniform manner in the sampling tubes
during recovery, causing various degree of disturbance within soil
specimens (Young et al. 1983).

Process disturbance due to stress release can affect the shear
strength and deformation properties measured in the laboratory (Broms
1980). The author recently (September-October 1985) took part in a
sample collecting cruise on the "CSS Hudson" for the Bedford Institute
of Oceanography in The Baffin Island area. Sampling of surficial
sediments was carried out by piston coring. It was observed that free
water accumulated inside the plastic core Tliners during the sampling
process. Small water channels were also formed between the interface of
plastic Tiners and the core surface when the retrieved cores were stored
in the liners. These specimens had a great chance to swell because of
their easy access to water in tubes. A Targe number of these cores were
observed to swell longitudinally out of the core tubes when on-board
testing was carried out. Therefore it might be concluded that the
recovered specimens could not maintain totally undrained conditions in
the sampling tubes without any swelling.

This thesis deals specifically with the effects of sampling
disturbance due to stress release on specimens of reconstituted illitic
clay used to simulate seabed clay. Effects of mechanical disturbance
are excluded in this testing program. Techniques developed in the
University of Manitoba are capable of producing artificial reconstituted

laboratory specimens without mechanical disturbance. This permits
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comparison between so-called “samples" which undergo of floading
processes without any mechanical disturbance; and "in situ specimens®
which are tested immediately without either offloading or mechanical
disturbance. This procedure has been wused to model the "perfect
samples" that were defined by Ladd and Lambe (1963) as real soils which
have experienced no disturbance during sampling other than that
associated with stress release. They can then be compared with "in situ
specimens” that simulate the behaviour of offshore clay in the field
with no disturbance. Both Kwok (1984) and Ambrosie (1985) performed
tests separately to model "samples" which had been immediately sealed
upon recovery and had been stored under totally undrained conditions.
This investigation is a subsequent but parallel study which tested
"samples" that were allowed to be fully drained during storage. Other
procedures in the tests were maintained similar to the conditions in the
earlier studies. This study therefore permits detailed comparison of
the results from two different assumed storage conditions (namely

totally drained and totally undrained conditions).

1.2 0BJECTIVES

The main objective of this study is to search for a recommended
procedure in the laboratory to recover the "in situ" properties of
reconstituted illitic clays which experienced only process disturbance
due to stress release, but no mechanical disturbance. “Samples" in this
study were stored drained, for various periods of time, and then
reconsolidated using the same procedures as Kwok (1984) and Ambrosie
(1985) who had used undrained storage. The principal objective of the

work 1is therefore to compare the effects of totally drained and totally
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undrained storage conditions on the stress-strain behaviour of the
illite after reconsolidation.

In addition, other objectives of this investigation include:

(1) continued development in the University of Manitoba of techniques
for the preparation of identical one-dimensionally consolidated
reconstituted clay specimens,

(2) additional information on the engineering properties and
classification of i1litic clay from I1linois,

(3) additional data for the strength envelopes proposed by Kwok (1984)
and Ambrosie (1985),

(4) a preliminary yield envelope for reconstituted {i1litic clay when
combined with the results obtained by Ambrosie (1985).

The Taboratory testing program for studying stress release effects
consisted of twenty-three 76 mm diameter specimens of the reconstituted
11lite. 0f these twenty-three specimens, eleven were prepared as
normally consolidated specimens for comparison with the results of
Ambrosie  (1985). Twelve  specimens were' prepared with an
overconsolidation ratio (OCR)* equal to 2.0 for comparison with the
results of Kwok (1984). Three control specimens from each group (total
of six specimens) were wused as "in situ specimens" to model the
"in situ" behaviour of the clay. The remaining seventeen specimens were
tested as "samples" which were allowed to drain fully after being
offloaded. In addition to this work, three further overconsolidated
specimens were tested to determine a preliminary yield envelope for the
clay. The total number of specimens in this program was twenty-six.

A review of previous published work on stress release behaviour

will be presented in Chapter 2. This will be followed by a presentation

* see list of symbols on p. vii
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of the testing program in Chapter 3. Chapters 4, 5 and 6 respectively
present the results obtained from the consolidation; the stress
offloading, storage and reconsolidation; and the undrained shear phases
of the tests. Chapters 7 and 8 respectively present a discussion and
synthesis of the results, and the conclusions from the project. Finally
the Tatter part of the thesis presents tables, figures and appendices

referred to in the fext.



CHAPTER 2

A REVIEW OF SAMPLE DISTURBANCE ASSOCIATED WITH STRESS RELEASE

2.1 INTRODUCTION

The undrained shear strength of fine-grained marine soils is
perhaps the most important single geotechnical parameter needed for
offshore foundation design. However the undrained strength has not been
a simple property to measure in hostile marine environments (Lee 1979).
The strengths of marine sediments are affected by disturbance that
occurs when specimens are taken from the seabed and brought to the
surface. Sampling disturbance induced 1in recovered specimens may
originate from the two general sources outlined 1in Chapter 1, namely
mechanical disturbance and process disturbance. Because of this, it is
usually necessary to combine a program of sampling and Tlaboratory
testing, with a program of in situ testing for major structures.

Factors that affect the mechanical disturbance of specimens have
been discussed in detail by Broms (1980) and Young et al. (1983). The
effects of mechanical disturbance depend on the nature of soils and the
sampling techniques which are used. The introduction over a period of
years of improved techniques that use thin-wall samplers and seafloor
mounted equipment such as Seaclam (Fugro International) and Stingray
(McClelland Engineers Inc.) has largely reduced mechanical disturbance,
and has significantly improved the quality of recovered specimens. The
research presented in this thesis deals only with the second source of

disturbance, process disturbance due to stress release. Mechanical
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disturbance is excluded from the testing program. A detailed review of
mechanical disturbance processes will therefore not be undertaken in

this thesis.

2.2 GENERAL REVIEW OF PROCESS DISTURBANCE

This section summarizes the work by various investigators on the
effects of stress release. Since only a limited number of publications
has been published that deal directly with stress relief for offshore
clays, similar research on onshore clays will also be included.

It is commonly believed that effective mean stresses before and
after "perfect sampling" can be held constant by the generation of
negative porewater pressures. However this is disputed by  many
researchers. Skempton and Sowa (1963), for example, suggested that even
when there was no change in water content during "perfect sampling", the
recovered specimen was still subjected to significant changes in stress
state.

When an offshore specimen is removed from its natural environment
to the surface, the in situ confining pressures are inevitably released.
This may result from Tocal consolidation of the thin skin of remoulded
clay round the inside of the sampling tube. It may also result from the
common practice of extruding samples from the tubes shortly after
recovery for visual classification, and geological testing (de Ruiter
1976, Young et al. 1983, Long et al. 1986). This procedure s thought
to minimize adhesion between the clay and the tube and to reduce the
forces and disturbance which would be experienced with longer storage
(Lee 1985). The process clearly Teads to total stress unloading just

after extrusion. In both cases, the clay tends to swell as the total
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stresses on the specimen decrease towards zero., If the expansion is
prevented as it is when the unloading is undrained, negative porewater
pressures or pore suctions (ur) will be developed within the recovered
specimen (Mori 198la). The in situ effective stresses before sampling
are anisotropic in a general case. 0On the other hand, the residual
effective stress after the sampling, which is equal and opposite to the
pore suction, is isotropic,

For normally consolidated and 1lightly overconsolidated clays with
the coefficient of earth pressure at rest (KO) less than one, the
magnitude of the residual effective stress after "perfect sampling"

(0).) has been given by Ladd and Lambe (1963) as:

ps
%s = %vo [KO + Au (1 - Ko)]
where oQo = 1in situ vertical effective stress
Au = porewater pressure coefficient from release of ground

deviator stress during perfect sampling.

Ladd and Lambe (1963) suggested that the porewater pressure coefficient
Au for most normally consolidated clays varies between -0.1 and 0.3.
Noorany and Seed (1965) studied a San Francisco Bay mud with a
sensitivity of 8 to 10. 1In this case, Au was found to range from 0.16
to 0.24 with an average of 0.20. Kirkpatrick (1982a) also reported
average values of Au for i1lite and kaolin of 0.20 and 0.25
respectively. Broms (1980) showed that the Au value 1in the work of
Skempton and Sowa (1963) was negative for a remoulded Weald clay with a
sensitivity of 2. Similar results have been reported by Bjerrum (1973a)
for a plastic clay from Drammen.

Examination of the previously published Au values suggests that few

natural and remoulded soils are perfectly elastic material in which Au
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would be 0.333 (Skempton and Sowa 1963). This would mean therefore that
the effective mean stresses before and after "perfect sampling" cannot
be constant. Both Skempton and Sowa (1963) and Ladd and Lambe (1963)
observed from their laboratory work that the reduction in residual
effective stress might be as high as 20% of the "in situ" mean effective
stress. The operation of "perfect sampling" causes therefore not only
the change in stress system direction discussed in a previous paragraph,
but also a decrease in the magnitude of the stresses.

This view has been challenged recently by Kwok (1984) and Ambrosie
(1985) 1in work at the University of Manitoba. Their tests measured Au
values of 0.37 and 0.33 respectively, suggesting only small deviations
from elastic behaviour during wundrained unloading of shear stress.
These deviations may be due to anisotropy of elastic response (Graham
and Houlsby 1983).

Examination of the actual residual effective stresses (o}) in  tube
samples immediately on unloading always shows an appreciable difference
from the value of the residual effective stress after "perfect sampling"
(oés)' Ladd and Lambe (1963), Lee (1979) and others assumed that the
additional reduction was purely caused by mechanical disturbance of the
clay structure. This assumption may not be completely true. The work
by Kirkpatrick and Rennie (1975) implied that the assumption might only
be true for insensitive clays removed from relatively shallow depths.
The reasons are that most studies on the effects of stress release have
been based on the following assumptions.

(1) The compressibility of the porewater is negligible as compared to
that of soil skeleton.

(2) The soil water dis capable of carrying all tensions without
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cavitation, that is, the dissolution of gases (water vapour, methane
etc) in the pore spaces of the specimen, and the specimen remains
saturated even after stress release.

(3) The absorption of any free water on the surface of the specimen
during sampling is so small that the sample volume remains constant.

When a specimen is taken from its deep ocean floor to the surface,
the unloading of the total confining pressures on the specimen causes
the porewater to expand. Richards and Parker (1968) estimated that the
volumetric strains of sea water for depths of 130m and 3700m were 0.06%
and 1.6%, respectively. However Broms (1980) concluded that the effect
on the measured strength and the deformation properties due to porewater
expansion would be small.

Most Tlaboratory studies on stress release have been carried out
under back pressures in the pore fluid, or by removal of only the
deviator stress component (e.g. Skempton and Sowa 1963; Ladd and Lambe
1963 and others). The total stresses acting on the soil specimens in
the Taboratory were therefore never fully reduced to atmospheric
pressure. This was done to avoid the experimental problems 1involved
with negative porewater pressures. However Kirkpatrick and Rennie
(1975) dindicated that residual negative porewater pressures decreased
with increasing sample age. They concluded that specimens from deep
in situ positions cannot maintain their high pore tensions despite being
physically undisturbed.

Both dissolved and undissolved gases are found in offshore clays
(Young et al. 1983). The offloading experienced during sampling can
cause the dissolved gas to come out of solution as bubbles and

undissolved gas to expand within the sample. The released volume, which
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can be estimated with Boyle's and Henry's Taws, may be so large that the
effective stresses can be reduced to zero (Broms 1980). The release of
gas and 1its subsequent expansion would also cause the recovered
specimens to swell. The sample expansion changes the in situ properties
measured in the Taboratory. Soil explorations in nearshore areas have
revealed that the measured degrees of saturation of marine clays in the
Taboratory decrease with increasing sampling depths (Fukuoka and Nakase
1973).

When an offshore specimen is taken up to the deck of the drill
ship, the clay is often observed to swell rather quickly out the end of
the core tube (Emrich 1971, Fukuoka and Nakase 1973).  Schjetne (1971)
also observed swelling of Norwegian quick clay within the sampling tube.
But in this case, the swelling was more gradual. Berre and Bjerrum
(1973) have explained that the clay during sampling is subjected to the
greatest shear deformations in the outer zone of the specimen due to a
variation 1in stress state, After the sampling, the relatively
undisturbed central part of the specimen may suffer from a swelling, as
excess water migrates from the remoulded zones towards Tless disturbed
zones. The negative porewater pressure in the specimen is thereby
reduced. The change 1in clay microstructure caused by the shear
deformations and subsequent internal swelling will make the
stress-strain behaviour of the "sample" different from that of in situ
soils (Mori 1981b).

The findings in the four previous paragraphs suggest that the
second and third of the Tisted assumptions (p.10) cannot be fulfilled by
the sampling procedures commonly employed for most natural clays. A

degree of sampling disturbance due to stress release is therefore
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inevitable in practice.

2.3 DETAILED REVIEW OF PROCESS DISTURBANCE

It is clear that stress release can cause sampling disturbance.
Various reseachers have tried to quantify the effects of stress release
on recovered specimens. For example, Skempton and Sowa (1963) conducted
tests on remoulded specimens of Weald clay (sensitivity = 2) from
Surrey, England. Specimens were loaded anisotropically in a triaxial
apparatus to simulate 1in situ conditions. At the end of the
consolidation, one specimen was subjected directly to undrained shearing
to measure the "in situ" strength of the clay. A second specimen was
disturbed by wunloading the shear stress to zero under undrained
conditions. The specimen at this stage was subject to an dsotropic
residual effective stress, 065' No significant change in water content
(less than 0.4%) was found. This was followed by undrained shearing to
measure the shear strength of the "sample". The authors reported that
the unloading caused only a small reduction in the "sample" strength of
the order of 1% to 2% even though the resulting stress paths were quite
different. However the comparison was made for a relatively insensitive
remoulded clay. Since there was Tittle change 1in water content and
microstructure for such insensitive clay during "perfect sampling", the
effect on strength reduction was expected to be minimal (Broms 1980;
Kirkpatrick and Khan 1984). Skempton and Sowa (1963) further concluded
that if two identical specimens of saturated clay were subjected to
different changes in total stress without alteration in water content
and microstructure, the strength of the two specimens would be

practically equal.
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Ladd and Lambe (1963) also investigated the effect of stress
release on normally consolidated Kawasaki clay and Boston Blue clay. The
sensitivities for both clays were approximately 5 to 10. Ladd and
Bailey (1964) reported that the initial offloading of shear stress
decreased the subsequent unconsolidated undrained (U-U) shear strengths
of "samples" by 0% to 15% for two clays when compared to the comparable
"in situ" shear strengths.

Noorany and Seed (1965) established a 1link 1in terms of Hvorslev
strength parameters, Co and LI between the ‘"sample" strength and the
in situ strength. The in situ strength (suF) of a normally
consolidated clay is given by:

000 sin@e [KO + AfF (1—KO)]+ Co COSO,

SuF ~
1+ (2AfF - 1)s1n®e
where @e = Horslev angle of internal friction
Co = Horslev cohesion of soil

AfF = porewater pressure coefficient at failure in field.
The shear strength of a “sample" (SuS) measured with unconsolidated
undrained triaxial test in laboratory is given by:

! ; r -
Oy STne, [K, + Au (1 KO)]+ Co COSO,

SuS -
1+ (ZA]CS - 1)sin®e

where Au = porewater pressure coefficient due to release of deviator
stress during sampling operation
AfS = porewater presure coefficient at fajlure for "samples"
during unconsolidated undrained triaxial tests.
Note that SUF and S,g are only equal if porewater pressure coefficients
AfF’ A and AfS are identical.

u
Noorany and Seed (1965) also conducted a series of tests on a soft
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saturated clay from the San Francisco Bay areas. The sensitivity of the
soil  was approximately 8 to 10. Identical  specimens were
anisotropically consolidated in triaxial cells above their in Situ
stresses to become 1aboratory—produced, normally consolidated soils.
One specimen was subjected to undrained shearing in order to measure the
"in situ" strength (suF) and the porewater pressure coefficient AfF' A
second specimen was subjected to total offloading in  undrained
conditions. The residual negative pore water pressure was measured to
evaluate the porewater pressure coefficient Au° This was followed by
undrained shearing to measure the "sample" strength (suS) and the
porewater pressure coefficient AfS‘ For the San Francisco Bay mud,
reductions of the order of 4% were observed in the "sample" strengths.
Average values of the porewater pressure coefficients Au’ AfS and AfF
were found to be 0.20, 0.45 and 0.80 respectively. The differences 1in
porewater  pressure coefficients can  be attributed tg the
non-reversibility and non-linearity of the relationship  between
porewater pressure change and deviator stress change. The analysis and
its  supporting experimental data dndicated that for a normally
consolidated sensitive clay, the in situ strength and the porewater
pressure coefficient at failure are significantly different from those
measured from "samples" using  unconsolidated undrained triaxial
compresion tests,

Davis and Poulos (1967) also performed tests to quantify the effect
on the undrained strength due to stress release alone. They indicated
that the strength of "samples" was less than in situ value by 18%.

Adams and Radhakrishna (1971) tested normally consolidated glacial

Take clays from the St. Clair River, Ontario. Block specimens were
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obtained in the field, then trimmed and placed in triaxial cells. The
specimens were consolidated anisotropically to in situ stresses. At
the end of consolidation, one specimen was subjected to wundrained
shearing for its "in sity" strength.  The shear stress on 3 second
specimen was offloaded down to isotropic stress under undrained
conditions, and the sample was then sheared undrained. This measured
strength compared favorably with the "in sity" strength from the first
specimen. A third specimen was unloaded in drained condition. A
considerable reduction in strength was found when undrained shearing was
performed. The authors concluded that specimens that were allowed to
swell showed a significant loss in undrained shear strength,

Preliminary tests reported by Kirkpatrick and Rennie (1975) on the
other hand indicated much greater loss than those mentioned above, and
brought into consideration the influence of sample age. Berre and
Bjerrum (1973) also noticed that older samples tend to give Tower
strength than those tested at earlier age. Similar results have been
reported by Sandegren (1961), Bjerrum (1973a), Arman and McManis (1977)
and others,

Recent research by Kirkpatrick (1982a) studied the stress release
effects on normally consolidated kaolin and illite.  Specimens were
prepared by consolidating a slurry at a water content of 1.5 times the
Tiquid Timit in a 254 mm diameter odeometer. "In situ specimens" were
first consolidated to 276 kPa in the odeometer, then cut and placed in a
triaxial apparatus for further K, anisotropic consolidation. The final
vertical stresses ranged from 400 to 800 kPa. The specimens were then
back-pressured to 200 kPa and tested undrained to determine the

"in situ" strength of the clays.
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Normally consolidated specimens used for examining disturbance
effects were prepared by consolidating the slurry to a final pressure of
552 kPa 1in the odeometer to simulate depths greater than 100 m below the
seabed. The procedures of sampling were modelled in the laboratory by
closing the end drains of the odeometer and rapidly reducing the
pressure to zero. These Targe blocks or "cakes" were then sealed and
stored at an even temperature. Sample age or storage time, which was
defined as the time elapse between the unloading of the "cakes" and the
time of testing, ranged from a few hours to 50 days. As the program
required, "samples" were cut from the "cakes" using thin-wall tubes at
selected time intervals to study the influence of sample age. These
"samples" still experienced mechanical disturbance from the cutting
tubes. Estimation of residual porewater pressures was performed in
triaxial cells prior to undrained shearing tests.

The i1Tite and kaolin both illustrated a large initial drop in
residual negative porewater pressures, and the loss continued gradually
for more than 50 days. Comparison of "in situ specimens” and "samples"
of various ages of normally consolidated clays showed the "samples"
experienced considerable Toss in strength, increase in failure strains
and appreciable difference in effective stress paths. The effects were
more pronounced with increasing sample age, and were relatively greater
in kaolin than in the less permeable illite. The processes involved 1in
the loss of the pore suctions were thought to be related to cavitation
and diffusion effects. The dissipation rates were found to be better
correlated to the coefficient of consolidation (cv) than the coefficient
of permeability (k).

Kirkpatrick (1982b) also studied overconsolidated kaolin and
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i11ite. Similar trends of behaviour were observed as previously
described for normally consolidated clays. The reductions in both
residual porewater pressure and strength were smaller for  the
overconsolidated "samples" than for normally consolidated “samples"”.
The reason could either be due to the different behaviour of normally
consolidated and overconsolidated soils; or simply that the stress
release in the case of overconsolidated soils was smaller than for
normally consolidated soils.

Kwok (1984) and Ambrosie (1985) respectively have also studied the
effects of stress release alone on reconstituted specimens  of
overconsolidated and normally consolidated {llite. Specimens were
consolidated one-dimensionally, first in cylinders from a slurry, and
then in triaxial cells along an approximate KO stress path to a maximum
vertical pressure of 160 kPa. Overconsolidated specimens were offloaded
to 80 kPa to give an overconsolidation ratio (OCR) equal to two, Back
pressure of 500 kPa was applied to simulate the porewater pressure in
the field. By this procedure, mechanical disturbance was excluded in
the testing programs. "In situ specimens" were subjected to wundrained
shearing without any offloading. "Samples" were unloaded under
undrained conditions to simulate stress-release during the sampling
process. The offloading of shear stress was carried out with porewater
pressure changes that results in essentially constant p'. Negative
porewater pressures caused by release of total pressures were monitored
throughout different storage periods. At the end of storage, each
"sample" was subjected to reconsolidation at one of three stress levels
prior to undrained shearing. Kwok (1984) observed that the reductions

in negative porewater pressures for overconsolidated illite were 0 to
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3.2 kPa for "samples" subjected to 15-minute and 1-day storage periods,
and 7.4 to 21.2 kPa for 1l-week "samples". A similar but more marked
trend of behaviour, one of residual negative porewater pressure
decreases with increasing sample age, was also observed by Ambrosie
(1985) for normally consolidated il1lite. Graham et al. (1986)
suggested that the relaxation of the residual negative porewater
pressure was due to internal creep straining caused by soil particle
reorientation towards more stable isotropic microstructure. They
concluded that the full negative porewater pressures Uy could not be
retained in the "samples" for periods Tonger than 1 to 2 days.

In summary, with increasing storage time, "samples" experience
gradual loss in the residual effective stress due to cavitation and
diffusion effects and/or creep reorganization of soil structures. This
means that conventional unconsolidated undrained compression tests in

the laboratory cannot reproduce the strengths or stress-strain behaviour

of 1in situ soil.

2.4 RECOVERING IN SITU STRENGTH

As previously shown, "samples" recovered from deep sea environment
are inevitably subjected to process disturbance, which reduces the
strength measured with U-U tests in the laboratory. This section briefly
describes the previous work by various researchers to recover the
in situ strength of the clay in the laboratory. There are two common
approaches:

(1) to correct the wunconsolidated undrained strengths with an
empirically determined multiplication factor,

(2) to employ an appropriate laboratory reconsolidation procedure,
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The use of correction factors to adjust “sample" strength to
in situ strength is very empirical. Researchers such as Ladd and Lambe
(1963), Noorany and Seed (1965), and others tried to quantify the degree
of disturbance. However most of these researchers also included the
effects of mechanical disturbance. This work has been reviewed in
detail by Kwok (1984) and will not be repeated here,.

Many researchers have also tried to develop  appropriate
reconsolidation procedures to recover the 1in situ strength in the
laboratory.  The most common reconsolidation procedure is to
reconsolidate "samples" isotropically to in situ vertical stresses (e.qg.
Casagrande and Rutledge 1947; Bishop and Bjerrum 1960; Ladd and Lambe
1963). Other procedures include isotropic reconsolidation to 0.5-0.75
of the 1in situ vertical stresses (Raymond et al. 1971), Ko
reconsolidation to in situ stresses (Davis and Poulous 1967; Bjerrum
1973b) and the SHANSEP method (Ladd and Foott 1974). However the value
of these proposals is limited at best because the actual in situ
strengths that the Taboratory studies attempted to recover were in fact
unknown,

Kirkpatrick (1982a), and Kirkpatrick and Khan (1984) studied the
reliability of these reconsolidation procedures  for normally
consolidated kaolin and il1lite. Some swelling occurred during storage
even though the average water contents were kept constant. Three types
of reconsolidation were examinated in their study:

(a) anisotropic reconsolidation to "in situ" effective stresses either
by a progressive incremental method or by a two-step method,
(b) isotropic reconsolidation to the "in situ" vertical effective

stress,
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(c) isotropic reconsolidation to the residual effective stress (Oﬁs) of
the "sample" immediately on unloading.

They drew the following conclusions from their reconsolidation
tests,

(1) Method (a) reproduced good simulation of "in situ" strength,
stress-strain behaviour and stress paths.

(2) Methods (b) and (c) wusing fdsotropic reconsolidation were found
respectively to overestimate and underestimate the failure stresses.
Neither tests reproduced similar stress paths when compared to
“in situ specimens".

(3) Sample ages up to one month had Tlittle or no effect on behaviour of
consolidated undrained tests as Tong as the moisture contents were
maintained constant.

Kwok (1984) and Ambrosie (1985) also investigated the validity of
various reconsolidation procedures in recovering the "in sity" strength
of reconstituted il1ite. "Samples" were “stored" undrained, and the
effects of mechanical disturbance were removed from the test.
Reconsolidation procedures examined 1in their studies included the
following methods.

(a) Isotropic reconsolidation to 0.6 of the "in situ" vertical effective
stress.

(b) Isotropic reconsolidation to the "in situ" vertical effective
stress.

(c) Anistropic reconsolidation to the "in situ" effective stresses.

For overconsolidated il1lite, Kwok (1984) found that methods (a) and
(c) were both successful in reproducing the "in situ" strength.  Method

(b) overestimated the "in situ" value. 0On the other hand, Ambrosie
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(1985) found that none of these methods could recover the "in sity"
strength of the normally consolidated illite. Both investigators also
found that all three methods  overestimated and underestimated
respectively the axial strajn at failure (Elf) and the modulus (ESO)'
The "sample" strengths were unaffected by the duration of the undrained
storage period if identical reconsolidation procedures were used (Graham
et al. 1986).

Although research by Kirkpatrick and Khan (1984) provided an
improved understanding of the influence of stress release on recovered
specimens, the effects on mechanical disturbance were not entirely
excluded in their testing program. The tests by Kwok (1984) and
Ambrosie (1985) were based on the assumption that the recovered
specimens remained totally undrained during stress release and the
storage periods. Because the time during which the field stresses are
released is relatively short in comparision with the drainage time of
1ow-permeabi1ity clays (Bishop and Henkel 1962; Chaney et al. 1984), the
sampling process can be assumed to be uynder totally  undrained
conditions. The porewater behaviour of the specimens at various stages
after sampling is complex and relatively unknown. Observations such as
those by Emrich (1971), Schjetne (1971) and Fukuoka and Nakase (1973),
however, suggested that recovered specimens did swell after the
sampling. The author's personal experience from a sample collecting
Cruise near Baffin Island confirmed that specimens could not maintain
totally undrained conditions without any swelling, even when the samples
were stored in sampling tubes. This finding has led to the present

testing program in which, in contrast with the earlier programs of Kwok



(1984) and Ambrosie (1985),

storage periods.

full drainage is allowed during the various
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CHAPTER 3

TESTING PROGRAM: DESIGN AND PROCEDURES

3.1 INTRODUCTION

Specimens recovered in practice are found to swell to a greater or
less degree after sampling. The "samples" wused din this study were
allowed totally free drainage to atmospheric pressure conditions during
storage. In contrast, and to provide the other bound of behaviour that
can be experienced in practice, "samples" were examined under totally
undrained storage conditions in preceding studies by Kwok (1984) and
Ambrosie (1985). The specimens tested 4n the present 1investigation
included both normally consolidated clay and overconsolidated clay with
an 0CR of 2. Figure 3.1 shows the equivalent field conditions of both
groups of specimens that were modelled in the laboratory. The normally
consolidated specimens simulated soil elements 20 m below the seabed,
with 30 m of water overlying the seabed. It was assumed that the clay

was fully saturated with an "in situ" stress state:

vertical effective stress, °ic = 160 kPa

porewater pressure, u = 500 kPa

horizontal effective stress, Oéc = 84.8 kPa (= 0.53 Oic)
For the overconsolidated specimens, an "in situ"  stress state

corresponding to 10 m of soil depth with an OCR of 2.0, and a 40 m water
depth was modelled in the laboratory.  The "in situ" stress state of

the soil was assumed to be:

vertical effective stress, Oic 80 kPa

porewater pressure, u

500 kPa

horizontal effective stress, o3¢ 42.4 kPa
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This again assumed K = Oéc/Oic =0.53 despite the change in K, that

accompanies overconsolidation (Brooker and Ireland 1965; Mayne and

Kulhawy 1982). The effective stresses and porewater pressure imposed on

the specimens in this study modelled soils under moderately deep sea
conditions.

The following sections provide a description of the design of the

test program, of the soil classification properties, and of specimen

preparation and test procedures.

3.2 DESIGN OF TESTING PROGRAM

The purpose of this investigation was to study the effects of
sampling disturbance due to stress release only, with no influence from
mechanically induced disturbance. This was achieved by comparing the
shear strengths of reconstituted "samples" with those of simulated
"in situ specimens". It was therefore necessary that the present
testing program reproduced as closely as possible in the laboratory the
conditions that would exist for the recovered specimens during and after
the sampling process in the field. The following sections will provide
the background leading to the selection of variables being studied and
an overview of the testing program.

3.2.1 Modelling Sampling Procedures

When an offshore soil specimen s 1ifted out of 1its marine
environment and extruded for inspection, classification, etc., the total
confining pressures on the recovered specimen are dinevitably removed.
The stress release associated with the field sampling process was
modelled in the Taboratory by unloading the external pressures on
artificial specimens made by anisotropic triaxial consolidation and back

pressuring. Two choices were available when these “samples" were
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offloaded in the triaxial cells. Firstly they could be wunloaded under
totally wundrained conditions with porewater pressure measurements,
Secondly they could be unloaded with drainage permitted. In this case
measurements of volume changes could be taken while the “samples"
swelled because of the release of stress. As mentioned in Chapter 2,
the total stresses are typically released in practice in times that are
relatively short in comparison of the drainage time of Tow-permeability
clay in the field. The coefficient of consolidation (cv) of 1illite

reported by Kirkpatrick and Khan (1984) was of the order of 10—8 mz/

S.
During the offloading process the "samples" in the laboratory program
are therefore best assumed to be under totally wundrained conditions.
Besides, it is helpful to know the effective stress path during
unloading (Graham et al. 1986), and this can only be obtained by keeping
the ‘"samples" wundrained and measuring the resulting decrease in
porewater pressures. This undrained condition during unloading was also

assumed in the earlier studies by Kwok (1984) and Ambrosie (1985).

3.2.2 Modelling Storage

Kwok (1984) and Ambrosie (1985) both assumed that after sampling,
the recovered specimens were stored under totally undrained conditions.
However in the author's opinion, this assumption is not completely
valid. As mentioned in Chapter 2, the author's personal experience
showed that the recovered specimens were always observed to swell to
some degree even when they were stored in sampling tubes. Graham et al.
(1986) showed that the negative porewater pressures relaxed with time,
causing decreased value of mean effective stress p'. The mechanism is
unclear. They suggested that the change from anistropic to isotropic
effective stress states can cause internal creep straining at constant

volume and particle reorientation towards more stable  isotropic
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microstructure. For these reasons, the "samples" in the present study
were allowed to swell during various periods of storage 1in the
laboratory. This procedure also provides an alternative limit to the
practice defined in the previous studies in which the samples were kept
totally undrained.

The selected storage periods model the time delays that occur in
practice between specimen recovery from the seabed and actual testing 1in
the laboratory. 1In order to investigate the effects of the duration of
storage time between sampling and testing on undrained shear strength,
Kwok (1984) and Ambrosie (1985) chose three storage periods to represent
the potential variation of sample disturbance. The same storage periods
were applied to the "samples" in this investigation. The three storage
periods were:

(1) "Instantaneous" (15 minutes) - this represents ship-board testing on
recovered specimens of the highest quality.

(2) 1 day - this models onshore testing on high quality soil specimens
which are transferred immediately to onshore Taboratories after
recovery.

(3) 1 week - this represents average practice of onshore testing on
recovered specimens with Tlong storage periods.

In actual cases, recovered specimens might be stored for longer periods

than one week. However due to time constraints on the research, one

week was chosen to be the Tongest storage time in this study. This has
been subsequently justified by volume measurements during storage.

During the early stage of this study, two "samples" (T732 and T733)
were allowed to have drainage from the top of the "sample" through the
top cap, and at the same time porewater pressures were monitored from

the cell pedestal for storage periods of 2 hours and 1 week
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respectively. These required the elimination of the circumferential
filter strips around the "sample", but with filter stones placed both at
the top and bottom of the “sample". (No facilities exist in the
University of Manitoba to measure the negative porewater pressures from
the bottom of the "sample" with the hypodermic needles). These two
“samples" were allowed to have both top and bottom drainage but no side
drainage during the earlier triaxial consolidation phase of testing.
However this arrangement caused different drainage boundary conditions
when compared to the earlier studies of Kwok (1984) and Ambrosie (1985).
Difficulty was therefore anticipated in comparing results from the
previous "undrained storage" programs, and the present "drained storage"
program. Drainage from one end only, without side drains, also greatly
increased the duration of the tests.

In order to obtain uniform set of data for comparison with the
earlier studies, it was therefore decided that the drainage conditions
in the rest of the "samples" would be maintained from the bottom of the
"sample" only, and that circumferential filter strips would be wused.
Besides, the use of top drainage was always prone to additional problems
of Teakage and bubble formation within the drainage lines (Graham et al.
1985).

3.2.3 Procedures for Recovering the In situ Strength of "Samples"

As discussed in Section 2.4, different reconsolidation procedures
have been investigated by various researchers to recover the in situ
strengths of recovered specimens. To facilitate comparisons, the
following reconsolidation procedures used by Kwok (1984) and Ambrosie
(1985) were also adopted in the present study:

(1) isotropic reconsolidation to 0.6 times the "dn situ" vertical

effective stress,
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(2) isotropic reconsolidation to 1.0 times the "in situ" vertical
effective stress,

(3) anistropic reconsolidation to "in situ" effective stresses,
The isotropic reconsolidation procedures were emphasized in previous
work due to their relative simplicity. The anisotropic reconsolidation
was due to its apparent success in the recovery of "in situ" behaviour
(Kirkpatrick and Khan 1984) .

3.2.4 Qverview of the Testing Program

A summary of the testing program in this research project is given
in Table 1. A total of seventeen  normally  consolidated and
overconsolidated "samples” (T732-T739, T751-T759 respectively) of
reconstituted illite were tested under the influence of stress release,
and compared with a total of six  normally  consolidated and
overconsolidated "in sity specimens" (T740-T742, T760-T762
respectively). The "in situ specimens" underwent the same consolidation
processes as the corresponding disturbed "samples", but were not
subjected to an offloading and reloading cycle. The “samples" were
allowed fully open drainage to atmospheric pressure during the various

storage periods.

3.3 SOIL PROPERTIES

The tests specimens in this study were prepared from reconstituted
111itic clay from Grundy County, ITlinois, similar to the grundite wused
by Wu et al. (1983). The advantange of using reconstituted clay rather
than natural clays is that slurry consolidation can produce specimens
with good consistency in their water contents so that better quality

control can be maintained in the testing program. The clay was received
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at the University of Manitoba in burlap sacks with water content of 21%
(Ambrosie 1985). Standard classification tests and X-ray diffraction
tests were performed on the clay, and the results were reviewd by Kwok
(1984). The major minerals presented in the clay are quartz, illite and
kaolinite with the proportion of illite to kaolinite more than 5:1. A
summary of classification test results is given in Table 2. The illitic
clay in this study had a clay fraction (less than 0.002 mm) of 66% with
a specific gravity 2.74. The liquid limit (wL) and plasticity index
(I.) were determined to be 59.5% and 33.6% respectively. These agree

p
closely with the values reported by Graham et al. (1986).

3.4 SAMPLE PREPARATION AND TEST PROCEDURES

The following sections will describe briefly the techniques that
have been used in the present study for preparing and testing the
reconstituted illite specimens. The procedures were given in detail by
Kwok (1984).

3.4.1 Slurry Consolidation

The i1Titic clay was first oven-dried, pulverized and mixed with
deaired, distilled water 1in a mechanical mixer for five 30-minute
periods over a duration of 2 days under vacuum. The water-clay ratio by
weight chosen for this research project was approximately twice the
Tigquid Timit of i1lite (2xwL), which is very common 1in research work
using slurry consolidation (e.g. Lewin and Burland 19705 L1 1983). The
resulting slurry was poured carefully into a 256 mm diameter
consolidation cylinder with top and bottom drainage.

The cylinder was then transferred to a newly designed Toading frame

for one-dimensional consolidation (Figure. 3.2). These procedures were
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newly developed for this thesis. They were felt necessary to overcome
some of the variability between "samples" that was observed in previous
programs. A vertical Tload was applied to the slurry through an
air-pressure controlled hydraulic jack (booster), and was monitored with
a load cell placed between the cylinder and the jack. The initial
vertical stress used in this test was 14 kPa. The slurry was then
allowed to stabilize for three days under this stress level due its high
initial porewater pressure. Five successive consolidation stresses were
applied using 24-hour periods each with a load ratio of 1.38 to a final
vertical stress of 70 kPa. Vertical displacement was monitored with
time throughout this compression process. When the final vertical
stress of 70 kPa was attained, all "cakes" were allowed to reach
porewater pressure equilibrium. This was monitored by plotting a Tlog
time-displacement curve, and this condition was interpreted as the
“cake" entering the secondary consolidation (Figure  3.3). The
equilibrium procedure was time-consuming, often taking more than one
week to complete. At this stage, a "cake" of 256 mm diameter was
produced inside the consolidation cylinder. It was then ready for
extrusion from the cylinder, and for cutting into three identical "pie
slices" that could be used to form "samples". More complete details of
preparing the "cakes" from slurry consolidation are included in Appendix
A.

During the earliest stage of this study, there was considerable
difficulty in maintaining the required vertical loads for sTurry "cake"
732-733. The Toads observed from the lToad cell fluctuated with time

especially during the load application of first stress Jlevel (Figure

3.4 a). This occurred due to the mechanical inability of the booster to
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maintain constant pressure to the hydraulic jack. Deviations from
desired stress levels (in percent) were computed by comparing the actual
Toad cell reading and required vertical load in each increment (Figure
3.4 b). The average vertical stress in each increment was calculated by
assuming the area bounded by the curve in Figure 3.4 b equal to that 1in
Figure 3.4 c. The inadequate booster was subsequently replaced. Graphs
for the slurry consolidation of the slurry "cake" 737-739 are presented
in Figure 3.5, and much better control in vertical Toading is observed.
There were only two "samples" (T732 and T733) available from the "cake"
732-733. It had been allowed to reach porewater pressure equilibrium at
an average initial stress Tevel of 12.9 kPa as well as at 70 kPa.

Towards the end of the program, a lever-Toading system was
developed to provide better load control on the consolidating "cakes".
It is also described in Appendix A.

3.4.2 Extrusion, Trimming and Building-in of Reconstituted Specimens

The loading frame was also designed for extrusion of the “cake" and
cutting it into three "pie slices" which could then be trimmed into
three identical specimens for the subsequent triaxial tests (Appendix
A). The trimming and building-in of three specimens usually lasted two
days. While the "pies" were waiting for the trimming, they were wrapped
with Saran wrap, sealed with wax, and stored in a cool, humid sample
room to minimize changes in moisture content.

The importance of high quality sampling and testing techniques has
been emphasized by several investigators (e.g. Graham 1974; Crooks and
Graham 1976; Tavenas and Leroueil 1977). Although  mechanical
disturbance due to sampling is avoided in Taboratory consolidated clay,

disturbance associated with specimen preparation and testing should be



33
nevertheless minimized. The approach used by Graham et al, (1986) was
to trim specimens from the ‘“cakes" that had been  consolidated
one-dimensionally to Oic = 70 kPa, and then to further consolidate them
anisotropically in triaxial cells to g!

lc
normal {virgin) consolidation from 70 kPa to 160 kPa would remove any

= 160 kPa. They arqgued that

influence of the trimming disturbance (see also, Ladd and Foott 1974).
Triaxial tests were done on 76 mm diameter specimens that were

carefully trimmed from the "pie slices". Equipment and  testing
procedures aimed at reducing disturbance during trimming and building-in
of triaxial specimens are well developed at the University of Manitoba.
The most important feature of the equipment s that the top of the
triaxial specimen is supported throughout the processes so that minimum
disturbance is ensured. The trimming and building-in procedures were
carefully described in detail by Lew (1981). They can be outlined as
follows:

The cell pedestal was deaired by flushing water through it by means
of two burettes to the pedestal drainage leads. The base plate of the
trimming equipment was placed on the cell base and was adjusted until
the inverted cutting cylinder was accurately centred over the pedestal.
The trimming table was then attached to the base plate. The trimming
equipment was lubricated with silicone 0il to facilitate smooth sTiding.
A slightly oiled cutting cylinder with a sharp leading edge was pushed
carefully into the soil to a depth of about 1 cnm, The excess so0il
outside the cutting edge was removed by trimming wire. This process was
repeated until 2 to 3 cm soil protruded the top of the cylinder. The
top and the bottom of the specimen were then carefully trimmed with a

cutting wire. The cutting cylinder with specimen dinside was then
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removed from the uprights, and weighed.

A saturated de-aired filter stone was placed on the pedestal. The
cutting cylinder containing the specimen was then Towered to the top of
the filter stone. The top cap was located firmly by a central rod and
the cylinder was removed. The height and the diameter of the specimen
were measured. The average diameter of the specimen was 76.15 cm with
height varying between 130 mm and 135 mm, A thin coat of silicone
stopcock grease was applied to the sides of the pedestal and the top
cap. Lateral drainage filter strips were applied longitudinally around
the specimen's surface. (For specimens T732 and T733 with no Tlateral
filter strips, filter stones were placed both at the top and the bottom
of the specimens.) Two membranes separated by a coating of silicone oi]
were placed around the specimen with four sealing rings on the bottom
pedestal and two sealing rings on the top cap to seal the specimen from
cell water. The top of the triaxial cell was carefully placed over the
specimen and the piston Towered to touch the top cap and clamped. The
cell was then filled with deaired distilled water until the top of
specimen was covered. A 2 cm thick tayer of viscous 01l was applied on
the top of the water through the top of the cell to reduce leakage of
cell water and friction between the piston and the rotating bush.
Initial readings of the axial dial gauge and volume change burettes were
taken carefully, and loading was ready to start.

3.4.3 Triaxial Consolidation

The triaxial consolidation tests were performed in triaxial cells
supported on a steel Toading frame, the general arrangement of which is
shown 1in Figure 3.6. Cell pressure was applied through deaired water in

the cell, using compressed air to pressurize an external air water tank.
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The cell pressures and the porewater pressures at the bottom the
specimens were monitored by pressure transducers, which were rezeroed
before each load increment to atmospheric pressure at mid-height of the
specimen., Axial load was applied through the piston by a hanger and a
dead weight system. Dial gauges and burettes were used to monitor
vertical displacements and volume changes of the specimens,

The specimens were subjected to anisotropic consolidation with Oéc
=K x (Oic) in the triaxial cells. The first axial stress applied to
the specimens was 50 kPa. A1l specimens in this study were tested with
a K value of 0.53, which was chosen in the earlier programs by Kwok
(1984) and Ambrosie (1985) to remove one of the potential variables in
the test series. The specimens were loaded for 24-hour periods between
successive load increments with a load ratio of 1.15. Before each
loading increment, water was flushed through the drainage 1leads to
remove air that might have been trapped in the cell base. After the
application of a new load, the readings of the axial dial gauge and
volume change burette were recorded using “standard" time intervals
(that is 1,2,4,8,15,30 min, 1,2,4,8 hr etc). When the maximum vertical
stress of 160 kPa was reached, the normally consolidated specimens were
allowed to stabilize for standardized periods of four days to reach
porewater pressure equilibrium. The overconsolidated specimens were
unloaded to an axial stress of 80 kPa 1in one step to give an 0OCR of 2
after being at the maximum stress of 160 kPa for one day. The 4-day

stabilization period then resumed at the vertical stress of 80 kPa with

K= 0.53.
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3.4.4 Back Pressuring

EN

Backpressuring of the specimens after triaxial consolidation
simulated the high porewater pressure experienced 1in the seabed. In
this investigation, the effective stresses and back pressuring imposed
on the normally consolidated specimens a stress state representative of
300 m of water and 20 m of saturated soil (Fig. 3.1). The
overconsolidated specimens with an OCR of 2 represented a stress state
of 40 m of water and 10 m of soil. These stresses brought the normally
consolidated specimens and overconsolidated specimens to "in situ"
vertical total stresses of 660 kPa and 580 kPa respectively, with a
porewater pressure of 500 kPa. The backpressure of 500 kPa modelled a
soil specimen under moderately deep sea conditions of 30 m to 40 m
depth,

Before back pressuring, the drainage system was flushed to ensure
that any trapped air was removed. The piston was clamped before the
hanger and dead weights were removed. The cell pressure, burettes,
axial dial gauge, and transducers Tines were all kept in place. The
triaxial cell was then carefully transferred from the consolidation
frame to the compression frame. The axial 1load at the end of the
triaxial consolidation was re-established by means of a proving ring.
The specimens were then subjected to ten increments of 50 kPa 1in both
cell pressure and porewater pressure. The procedure took about 10
minutes with the specimens undergoing negligible axial strain (Tess than
0.1%). The specimens were then allowed to stabilize for a period of 24
hours before any further testing.

The "in situ specimens" (T740-T742, 1750-T752) were then subjected

immediately to undrained shearing as described in Section 3.4.8 without
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any further offloading and reloading cycle. Sections 3.4.5 to 3.4.7
inclusive are applicable only to "samples” (T732-T739, T751-T759) which
were subjected to a sequence of unloading, storage and reconsolidation.
3.4.5 Unloading

This section describes the procedure used in the laboratory to
model the stress release associated with sampling from the field. As
mentioned in Section 3.2.1, the confining pressures on recovered
specimens are released in a relative short time compared to the drainage
time of Tow-permeability clay. The unloading in the Taboratory was
chosen to be under totally undrained conditions. Techniques wused for
unloading were outlined by Kwok (1984) and will be briefly reviewed as
follows:

Unloading was accomplished in two stages, namely shear unloading
and isotropic unloading. During shear unloading, the shear Tload was
removed in six steps by means of adjusting the proving ring force while
the cell pressure was maintained constant. At the end of this stage,
The "sample" was under an isotropic total stress condition. It was then
subjected to isotropic unloading by reducing the cell pressure, in
increments of 50 kPa until a cell pressure of about 5 kPa was reached.
(The 5 kPa cell pressure was used to ensure contact between membrane and
the clay, and to control volume readings in the burettes). The proving
force was of course adjusted to compensate for the decreases in cell
pressure. The total time for the unloading processes lasted for about
15 minutes. The porewater pressures and the axial displacements of the
"sample" were monitored during the whole unloading processes. The

results are presented in Section 5.2,
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3.4.6 Storage
As mentioned in Section 3.2.2, three different storage periods of
15 minutes, 1 day or 1 week under totally free drainage conditions were
selected to simulate various time delays between the field sampling and
laboratory testing. This was achieved by opening the bottom drainage
Tead at the end of the unloading period, and by carefully monitoring the
volume changes during the various chosen storage periods. The cell
pressure was kept at around 5 kPa during storage. Results will be shown
in Section 5.3. "Samples" stored under totally wundrained conditions
have been studied by Kwok (1984) and Ambrosie (1985).

3.4.7 Reconsolidation

In order to recover the in situ shear strength of seabed clays,
specimens recovered from site investigation are usually subjected to
reconsolidation prior to undrained shear test. Otherwise "loss of
suction" Teads to considerable reduction in shear strength (Kirkpatrick
and Khan 1984). As described in Section 4.2.4, three reconsolidation
procedures were selected for this investigation, namely isotropic
reconsolidation (1) to 0.6 and (2) to 1.0 times "in situ" vertical
effective stress, and (3) anistropic reconsolidation to "in sity"
effective stresses. The main objective in this study is to determine
which reconsolidation procedure can best recover the "in situ" strength
of the clay.

For both isotropic and anisotropic reconsolidation, the cell
pressures were first increased 1in one step to the required stress
levels. The "samples" to be consolidated isotropically were then
allowed to reach porewater pressure equilibrium before any further

testing. For "samples" to be consolidated anisotropically, the extra
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axial Toads were usually established by increasing the proving ring
force after the "samples" had been consolidated isotropically for 24
hours. This represented a slightly different procedure from that used
by Kwok (1984) and Ambrosie (1985) who added the required cell pressures
and axial loads almost simultaneously. Drainage during storage caused
the "samples" to behave differently, and to require different treatment
during reconsolidation. It agrees with technique currently 1in wuse in
the Norwegian Geotechnical Institute (personal comm. S. Lacasse to J.
Graham). Axial strains and volume strains experienced by the "samples"
during reconsolidation varied with the reconsolidation procedures and
the storage periods. This will be further discussed in Section 5.4,

Measurements of volume change versus time were taken during
reconsolidation which allowed free drainage of the "sample"  to
atmospheric pressure. Equilibrium was usually reached after 3 to 4
days. Upon reaching porewater pressure equilibrium, the "samples" were
subjected to a back pressure of 200 kPa which is used commonly in
commercial and research Taboratories to achieve high  Tevels of
saturation . The 200 kPa back pressure was applied in four increments
of 50 kPa. The "samples" at this stage were then allowed to stabilize
for 24 hours. Before wundrained shear testing, the "samples" were
checked that their saturation was acceptable, B-values greater than
0.98.

3.4.8 Undrained Shear

Undrained shear test procedures have been outlined by Kwok (1984),
These procedures followed techniques developed at the University of
Manitoba over several years (e.g. Graham et al. 1983). The rate of

testing used in this study was approxiately 0.5% per hour, with readings
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taken of time, axial displacement, proving ring, porewater pressure, and
cell pressure at regular intervals. "Samples" T732 and T733 with no
side drains were subjected to a Tower shear strain rate of 0.2% per hour
due to their slow response of porewater pressures.  Shearing usually
continued overnight until an axial strain of 12% was reached. After
shearing was completed, the failed specimens were removed from the
triaxial cells weighed and cut into six layers for determination of
moisture contents. This was done to check the variability of water
content along the length of the specimens, and the uniformity of the
specimens. Chapter 7 will present and discuss the moisture content

profiles across the failed specimens.
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CHAPTER 4

CONSOLIDATION TEST RESULTS

4.1 INTRODUCTION

As described in Chapter 3, reconstituted specimens for triaxial
testing were prepared by consolidating slurry 1in a consolidation
cylinder until a ‘“cake" with adequate strength for trimming was
produced. A total of eight "cakes" were produced 1in the present
program. Each "cake" was extruded from the cylinder and cut into three
identical "pie slices", each of which was subsequently trimmed into a
specimen for triaxial testing. (As mentioned in Chapter 3, only two
specimens (T732 and T733) were available from the first "cake" during
the earliest stage of the program). A  total of  twenty-three
reconstituted specimens was then subjected to closely similar
anisotropic consolidation procedures in triaxial cells to produce the
consistent set of specimens required for the present study. This
chapter reports and briefly discusses the results during the slurry

consolidation and the triaxial consolidation phases of the tests.

4.2 ONE-DIMENSIONAL SLURRY CONSOLIDATION (_A1-VALUES)

The consolidation of clay in first-time loading s commonly
characterized by straight relationships  1in Tog(pressure) versus
compression space expressed as changes 1in moisture content, voids
ratio, or specific volume. The straight Tine portions of these graphs
represent the critical state parameter A s which indicates the

compressibility of clay. It is expressed as the slope of voids ratio
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versus the natural Togarithm of vertical stress, Ae/1n(o¢2/001),

Values of compression index (Al) during slurry consolidation as
outTined in Section 3.4.1 were obtained by plotting the logarithm of
vertical stresses versus the moisture contents (Figure 4.1). The
compression index (xl) has been used in this thesis to describe the
parameter originating from slurry consolidation in the cylinder. Due to
time constraints in the present investigation, complete porewater
pressure dissipation in the slurry was not attempted during each of the
loading increments. The "cakes" were therefore underconsolidated except
at the end of the final stabilization period at the maximum vertical
stress of 70 kPa. The xl—va1ues obtained in Figure 4.1 were simply the
measured slopes of the graphs in 1n(a¢),e—space. They do not give the
proper Al—va1ues that would be measured if complete consolidation was
allowed in each Tload increment (Kwok 1984). Values of A are summarized
in Table 3. They varied over a narrow range from 0.501 to 0.533 with an
average of 0.513 and a standard deviation of 0.012. This suggests a
high Tevel of consistency in the observations that were taken.

As mentioned in Section 3.4.1, the slurry “cake" 732-733 was
treated sTightly differently from the rest of the specimens. During the
first stage of the testing program, it was compressed with a slightly
lower average initial vertical stress of 12.9 kPa, and it was allowed to
reach complete porewater pressure equilibrium before the next increment
was applied. This initial stabilization Tlasted for 6 days (Figure
4.1 a). The rest of the slurries were allowed to sit for only 3 days
due to time constraints. Compressions during this first stage of
loading show as the initial vertical sections on the graphs 1in Figure

4.1. When the final stress of 70 kPa was reached, the resulting "cakes"
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were allowed to reach equilibrium and undergo some aging before
extrusion and specimen trimming. This is shown as the final vertical
sections in Figure 4.1. It was observed that the "cake" 732-733 seemed
to experience two Al—vaTues during the slurry consolidation (Figure
4.1 a). The first xl—value was calculated from the results from the
average initial stress of 12.9 kPa to an intermediate stress of 50 kPa.
The value for this phase of slurry consolidation was 0.327. This was
significantly lower than the other values given in Table 3, and has not
been included in the above statistical analysis giving a mean A1=0.513.
This Tow value in "cake" 732-733 was partly due to the effects of aging
(Bjerrum 1967). During the initial 6-day equilibrium period (which was
longer than the other slurries), some additional resistance was built up
in  the clay structure to resist further loading. A
pseudo-preconsolidation pressure of about 50 kPa can be approximately
determined from Figure 4.1 a. After the vertical stress exceeded 50
kPa, the xl—va1ue for the second phase was 0.504. This compared very
well with the general range of Al—va1ues from the other tests.

The mean and standard deviation of Al-va1ues (0.513 and 0.012
respectively) from the present program showed lower values than those
obtained from the two previous programs (0.621 and 0.055 respectively
from Kwok (1984); 0.689 and 0.067 respectively from Ambrosie (1985)).
The Tower average Al—va1ue in the present tests was due to the longer
initial Toading period (3 days) used in the present program rather than
the 24 hours that both Kwok and Ambrosie used in their testing programs.
Laboratory plots showed that the larger part of the 1nitial high
porewater pressures caused by the initial loading had dissipated at the

end of 3 days. The degree of consolidation obtained 1in the present
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study was therefore higher than those experienced in the two previous
programs. Less excess porewater pressure was carried over from the
initial Toading to subsequent loading stages 1in the present program,
The compressions of the "cakes" occurring during subsequent Toading were
therefore smaller. This means that the slope Al of the compressibility
Tine in 1n(o&),e—space would be Tess steep.

It is evident from Figure 4.1 that the drainage conditions 1in the
"cakes" were not exactly identical during slurry consolidation although
they were closely similar. Table 3 shows a range of moisture contents
calculated in the specimens at 24 hours after the final load application
of 70 kPa. The moisture contents at this stage ranged from 55.4% to
59.4% with a standard deviation of 1.3%. This variation compared
favorably than those from two previous programs (5.2% from Kwok 1984;
6.4% from Ambrosie 1985) and reflects the improved sample preparation
techniques introduced in the present project, Even though there were
relatively small differences in moisture content after 24 hours in the
present tests, different "cakes" underwent different changes in moisture
contents during the remainder of the stabilization period at 70 kPa.
Different straining rates during secondary consolidation and aging in
fact produced specimens with smaller range of moisture contents at the
end of consolidation (Table 3) than at the 24-hour stage. The moisture
contents calculated from height changes during slurry consolidation
varied from only 49.1% to 50.5% with a standard deviation of 0.5%. The
range was less variable than the equivalent ranges obtained from the two
previous programs (2.0% from Kwok 1984; 3.29% from Ambrosie 1985) and
again represents the improvements effected by detailed procedural

differences in the present program. Table 3 also shows the average
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moisture contents measured from the trimming of specimens during the
building-in process. There was a good agreement between the measured
and calculated moisture contents. The maximum difference was only 1%,
which compared very favorably with the 3% reported by Kwok (1984),
Slurry consolidation in the present study can be considered to give good

control in producing uniform moisture contents among specimens.

4.3 TRIAXIAL CONSOLIDATION

4.3.1 Qverview of Program

After slurry consolidation, each ‘“cake" was extruded from the
cylinder and trimmmed into three identical specimens. The specimens
were then carefully transferred into triaxial cells and were subjected
to the uniform anisotropic consolidation procedures described in Section
3.4.3. Drainage volumes were measured carefully during this phase of
testing. Drainage conditions in the two "samples" T732 and T733 were
slightly different from the rest (Section 3.2.2). For "sample" T732,
there was also a Tleakage at the top drainage, but this was not
discovered until the reconsolidation phase of the tests. 0On the basis
of results from T733, the volume change of this "sample" during triaxial
consolidation was estimated by taking the top and bottom drainage
volumes to be equal,

4.3.2 Linear and Volumetric Strains

ATl specimens were subjected to closely similar anisotropic
consolidation with a stress ratio of K=0.53.  During the triaxial
consolidation, volume changes and axial deflections of the specimens
were measured. These measurements enabled calculation of axial strains

and volumetric strains at any stage of the triaxial consolidation, Air
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trapped in the specimens during the building-in process was flushed out
before each load increment was applied. This was excluded from the
calculation of volume changes. Lateral strains were computed from the
measured volumetric strains and axial strains on the basis of common
assumption that the specimens remained cylindrical during deformation.

Linear and volumetric strains for normally consolidated specimens
are presented in Table 4. The axial strains (élc) varied from 11.15% to
15.97% and the volumetric strains (vc) ranged from 10.49% to 12.79%.
The lateral strains (E3C) varied from -1.27% to 0.65% with a mean of
-0.25% and a standard deviation of 0.70%. The axial and volumetric
strains were comparable to those reported by Ambrosie (1985). The
absolute values of the Elc/e3C ratio in Table 4 varied from 9.7 to 149,
Ambrosie (1985) found this ratio varied 1n his tests from 2.68 to 22.76.

For the overconsolidated specimens with 0CR=2, vresults of the
linear and volumetric strains during consolidation are shown in Table 5.
The axial strains (Elc) ranged from 9.74% to 12.57% and the volumetric
strains (Vc) ranged from 9.50% to 10.76%. The Tlateral strains (€3C)
varied from -1.14% to 0.02% with a mean of -0.54% and a standard
deviation of 0.38%. The absolute values of the ElC/E3C ratio were found
to vary from 10.4 to 518. Kwok (1984) reported this ratio varied in his
tests from 5.8 to 48.5.

Under fully KO conditions, the cross sectional areas of the
specimens should remain constant by definition, with zero Tlateral
strains. With the test facilities available at the University of
Manitoba, zero Tateral strain could not be controlled. They were held
to small values by Carefully choosing the imposed K value. As mentioned

earlier, a K value of 0.53 was used in all specimens of the present
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study to permit comparison with previous studies. This came from the
value KO=0.95~sin®‘ proposed by Brooker and Ireland (1965) for normally
consolidated clays with the value of &'=25° suggested by Ambrosie
(1985).  Kwok (1984) and Ambrosie (1985) both determined KO=0.46
empirically from very limited testing. Graham et al. (1986) suggested
KO=O.50 from examining the results at the end of their testing programs,
The specimens in the present study were subject to a small degree of
Tateral straining from their "in situ" condition. The overall average
Elc/E3C was 62.9. The higher Elc/e3C ratio in this serjes dndicated
that the consolidation at the chosen value of K=0.53 was closer to the
zero lateral strain condition than in the previous series. The adopted
K value was virtually constant in the present program, and there was
therefore no systematic relationship between K and elc/63c°
4.3.3 «4-values

When specimens were transferred from from one-dimensional cylinder
consolidation to the triaxial cells, disturbance due to stress release
inevitably occurred. There were also varying degrees of mechanical
disturbance caused by the extrusion, cutting, trimming and building-in
processes although the equipment used and the procedures adopted were
aimed at reducing the disturbance as much as possible,  The approach
used by Graham et al. (1986) was to consolidate reconstituted specimens
anisotropically in triaxial cells to °ic=160 kPa, 2.3 times Targer than
the maximum stress in the one-dimensional cylinder. They argued on the
pubTished evidence that normal (virgin) consolidation from 70 kPa to 160
kPa would remove any influence of mechanical disturbance  during
trimming. Values for the recompression index (Kl) during the early

stages of triaxial consolidation were calculated from the reload portion
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of the log(p') versus V plots in the stress range of 50 kPa to 70 kPa
(Figures 4.2-4.7). values of kp are presented in Tables 4 and 5, They
were found to range between 0.082 and 0.124 with a mean of 0.102 and a
standard deviation of 0.013. Similar results were reported by Kwok
(1984) and Ambrosie (1985), with mean values of 0.103 and 0.105
respectively,

4.3.4 Ap-values

The values of the compression index (AZ) during the later stages of
triaxial consolidation were calculated from the graphs of log(p') versus
V for the stress range from approximately 70 kPa to 160 kPa (Figures
4.2-4.7). The Az—va1ues represented by the Tinear section of virgin
compression Tines varied from 0.169 to 0.263 with an average of 0.234
and a standard deviation of 0.019. Results of xz—va1ues are summarized
in Tables 4 and 5. Mean A2~va1ues reported by Kwok (1984) and Ambrosie
(1985) were 0.226 and 0.237 respectively. The mean A2=O.234 in the
present study falls well between these two values.

"Samples" T732 and T733 exhibited kz—va1ues at the Tower end of the
range (0.169 and 0.209 respectively). The reason is thought to be due
to the different drainage condition used in these tests during the
earliest phase of the program. As mentioned earlier, both "samples"
(T732 and T733) were allowed to drain only from the top and bottom of
the "samples" but with no side filter drains. The remaining specimens
in the program were given Tlateral filter drains as well as bottom
drainage. Daily loading increments were applied throughout the whole
triaxial consolidation phase of the tests, “Samples" T732 and T733 with
only end drainage would experience smaller daily volume changes than

those with bottom drainage and Tlateral drainage due to their Jower
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degree of consolidation resulting from the different boundary conditions
(Bishop and Henkel 1962). This would make the slope of the normal
consolidation 1ine in In(p'),V-space become Tless steep because the
measurement values did not represent complete consolidation,

The parameter A, was observed to be much Tower than the value of Ay
from sTurry consolidation. The mean kl/kz ratio was found to be 2.2 as
compared to the higher value of approximately 3,0 obtained by Kwok
(1984) and Ambrosie (1985). Kwok(1984) suggested that the variation in
M and A, may be due to the difference in 7oad ratios during slurry
consolidation and triaxial consolidation (1.38 and 1.15 respectively).
However changes in load ratio would normally be expected only to move
the consolidation 1ine in 1n(o¢),e—space, but not to change its slope
(Leonards and Altschaeff] 1964). Ambrosie (1985) suggested that the
higher Ai-va1ues may be due to the higher porewater pressures deveToped
during the slurry consolidation and dissipated subsequently,

The mean Az/Kl ratio was found to be 2.3 in the present study. A
value of 2.2 was reported by Graham et al. (1986) for the same clay and
by Graham et aTl. (1983) for natural Winnipeg clay, Li (1983) reported
the xZ/K1 ratio was 2.1 for remoulded Winnipeg clay.

4.3.5 _kp-values

Twelve specimens (T751-T762) were overconsolidated by reducing
stresses from °ic=160 kPa to °ic=80 kPa following the original stress
path to give an OCR of 2.0 (Figures 4.5-4.7). The change 1in KO which
would normally accompany overconsolidation had not been modelled in
these tests. The offloading was done 1in one step due to time

constraints. The specimens were then allowed to stabilize for a period

of four days after unloading. The Kz-va1ues for the swelling phase are
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also presented in Table 5. They ranged between 0.036 and 0.054 with a
mean of 0.047 and a standard deviation of 0.005, They were the least
variable among all the X and < values reported.  Kwok (1984) and
Ambrosie (1985) reported that the mean Kz—values were 0.048 and 0.05
respectively. The average Kl/KZ ratio was 2.2, which was also observed
by Kwok (1984). Kwok suggested that the difference in Ky and <5 might
be due to different load ratios used during the reloading phase and
during the unloading (swelling) phase (1.15 and 0.5 respectively). The
author suggests it is more 1ikely due to the difference in slope between
loading and unloading in the overconsolidated range. Leonards and
Altschaeffl (1964) showed that the reload line is always observed to be
steeper than the swelling line within the range of vertical pressures in
this study.

4.3.6 Yield Determination

The preconsolidation pressure from slurry consolidation, (that is,
the highest pressure reached in the cylinder, °éy1=70 kPa) was compared
to the vertical yield stresses (09) interpreted from the triaxial tests.
The triaxial consolidation data were analysized using the computer
program TXCEP which was developed by Lew (1981) at the University of
Manitoba. The program produced printouts of the results and seven
different stress-strain plots. The plots included:

1. Tog(p') versus V

2. p' versus v

3. q versus €
4, 0 versus El

5. o3 Versus 63

6. p' versus El
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7. W versus LSSV

The stresses at which yielding took place have been interpreted using
the bilinear plotting techniques described by Graham et al. (1983).
Graphs of various yield curves are presented in Figures 4.2-4.7 and in
Appendix B. The plot of oé versus 63 was omitted from the
interpretation because specimens were Jloaded along an approximate
Ko—line with small Tateral strains. Some problems were encountered with

the interpretation of the yield stresses on some of the p' versus v
plots where bilinear behaviour was not observed.  For comparison
purposes, stresses at yield determined from the various plots for each
specimen were expressed in terms of a common variable, namely the
vertical effective stress (Table 6). An average vertical yield stress
(0&) was also calculated for each specimen from the various plots. It
was found to vary from 70.6 kPa to 73.9 kPa, and averaged only 3.0%
higher than the 70 kPa applied in the slurry consolidation. It was
comparable to 2.6% obtained by Ambrosie (1985) and 3.3% obtained by Kwok
(1984).

4,3.7 Elastic Parameters

According to Graham and Houlsby (1983), five elastic parameters are
required to describe the cross-anisotropic elasticity of clays inside
their state boundary surface. However this requires specimens stressed
along stress paths in widely different directions in p',g-space. All
specimens in the present program were tested only along a stress path
with K=0.53. This meant that the full range of elastic parameters could
not be obtained. Equivalent isotropic pseudo-elastic bulk and shear
moduTi (Keq’ Geq) close to the Ko-condition were calculated from the

Tinear reload sections of the p- versus v and g versus € plots
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respectively (Appendix B) before yielding occurred. Results are
summarized in Tables 4 and 5. Values of Keq and Geq varied from 772 kPa
to 1126 kPa and from 376 kPa +to 893 kPa respectively, Since the
stiffness of  Tightly overconsolidated clay depends on the

preconsolidation pressures, normalized values of Keq/oCy1 and Geq/gcy1

are also shown in Tables 4 and 5. The values of Ke /Oéy1 were observed

q
to vary from 11.0 to 16.0 with an average of 13.5. The values of

Geq/°éy1 ranged between 5.3 and 12.8 with a mean of 8.8. The mean

value of Geq/oéy] in the present program was Tower than the results

reported by Kwok (1984) (Geq/oéy1=13‘2) and Ambrosie (1985) (Geq/oéy1=

15.5) for the same clay, and Li (1983) (Geq/Oéy1=13'6) for reconstituted

Winnipeg clay. The reasons are unclear this time. On the other hand, a

much lower value of Geq/°éy1=4'5 was reported by Graham et al, (1983)

for natural Winnipeg clay. Wroth et al. (1979) reported Geq/oéy1

values of many clays to be about 11.
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CHAPTER 5

RESULTS: UNLOADING, STORAGE AND RECONSOLIDATION

5.1 INTRODUCTION

As described in Section 3.4.3, all specimens at the end of
triaxial consolidation were allowed to stabilize for a period of 4 days
that was the same as was used in the previous programs by Kwok (1984)
and Ambrosie (1985). They were then backpressured with 500 kPa to
simulate high porewater pressures experienced in the seabed, and were
allowed to stabilize for a period of 24 hours. "“Samples" T732-T739 and
T751-T759 were subsequently subjected to the total stress unloading
procedures described earlier to model the field sampling process.
"Samples" were then allowed to swell for various periods of time to
simulate totally drained storage of recovered samples from a site
investigation. At the end of various storage periods, all “samples"
were subjected to one of the chosen reconsolidation procedures prior to
undrained shear tests. The following sections will present the results
of "samples" during the unloading, storage and reconsolidation phases of
the tests. The "in situ specimens" (T740-T742, T760-T762)  were
subjected immediately to undrained shearing without an offloading and
reloading cycle. The results during shearing will be presented in

Chapter 6,

5.2 UNLOADING BEHAVIOUR

5.2.1 Unloading of Shear Stress

As described in Section 3.4.5, the consolidation shear stresses on
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the "samples" were first offloaded quickly 1in a period of about 5
minutes while the cell pressures maintained constant. The porewater
pressures of the disturbed "samples" during shear unloading were
monitored from the cell pedestals with pressure transducers. Graphs of
porewater pressures versus deviator stress for the normally consolidated
"samples” (T732-T739) and the overconsolidated "samples" (T751-T759) are
shown in Figures 5.1-5.3 and Figures 5.4-5.6 respectively. The
porewater pressure typically shows an initial non-Tinear relationship
with deviator stress, and then a subsequent Tinear relationship.
Similar porewater pressure behavioyr was observed by Noorany and Seed
(1965). Some differences in detail compared with the results of Kwok
(1984) and Ambrosie (1985) will be discussed Tater.

The porewater pressure parameter (Au = Au/Aq) based on the total
unloading of shear stress for the normally consolidated "samples"
1732-T739 ranged from 0.26 to 0.49 with an average of 0.37 and a
standard deviation of 0.08. For the  overconsolidated “samples"
T751-T759, Au varied between 0.36 to 0.47 with @ mean of 0.42 and a
standard deviation of 0.05. Since these two mean Au—values are greater
than 0.333, the "samples" generally experienced higher mean effective
stress immediately following shear unioading than their in sity values.
These values are somewhat higher than what Graham et al. (1986) found in
their studies. Their mean Au—va1ues for normally consolidated "samples"
and overconsolidated "samples" of the same clay were 0.33 and 0.37
respectively. This means that their mean effective stresses remained
essentially constant or dncreased Just slightly immediately after
unloading the shear stress to zero,

Unusual behaviour was observed in "sample" T732 (Figure 5.1}, in
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which porewater pressures increased slightly with decreasing deviator
stress during the first two decrements of shear stress. This might be
due to a minor leakage at the top drainage connections of the "sample",
In this case, Au was found to be negative in this range.

The stress paths of the normally consolidated and overconsolidated
"samples" during unloading in p'.,q-space are also presented in Figures
5.7-5.8 and Figures 5.9-5.11 respectively. The stress paths in
p'.,q-space first move downwards to the Teft instead of being vertical as
would be expected from a Tlinear elastic isotropic soil, Behaviour
similar to the present study was reported by Kwok (1984) and Ambrosie
(1985). The mechanism is unclear. They both attributed the occurrence
to be caused by the "samples" not being at porewater  pressure
equilibrium before unloading. (To permit comparison, "samples" in the
present study were consolidated for the same time duration as in the
previous program), Alternatively, the leftwards movement may be caused
by a small amount aging of the "samples" at the end of triaxial
consolidation and backpressuring, or to a delay 1in porewater pressure
equalization between the "sample" and the sensing element 1in the
transducer,

After two to three decrements of shear stress, Figures 5.7-5.11
show a tendency to move to the right as well as downwards. Kwok (1984)
and Ambrosie (1985) both observed similar but less marked behaviour
during the last decrement in their tests, They suggested this behaviour
was perhaps due to slow equalization of porewater pressures between the
"samples" and the porewater pressure transducer. The shear unToading
procedure was completed in all studies within 5 minutes, and did not

allow the readings to fully stabilize during unloading. This occurrence
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was more systematic in the present study than the two previous programs.
The behaviour might simply be due to the inherent anisotropy of the
"samples" (Graham and Houslby 1983).  This would explain a straight
unloading in p',q-space with Au # 0.333, but would not explain the
observed non-Tinear behaviour.

5.2.2 Unloading of Cell Presssure

ATl "samples" were subjected to isotropic unloading following the
unloading of the shear stress. The isotropic wunloading Tlasted for a
further period of 10 minutes. Porewater pressure changes that
accompanied the removal of cell pressure for normally consolidated
"samples" and overconsolidated "samples" are shown in Figures 5.12-5.14
and Figures 5.15-5.17 respectively.

For normally consolidated "samples" (Figure 5.12-5.14), the
B-values (= AU/AOCG]1) during isotropic unloading were 96% to 99%. The
initial residual porewater pressure immediately following the isotropic
unloading reached an average value of -88 kPa. The stress paths for
normally consolidated "samples" during isotropic unloading in p',q-space
are also shown in Figures 5.7-5.8. Following the combined processes of
shear and isotropic unloadings, the normally consolidated "samples" had
been unloaded from an "in situ" p'=109.9 kPa (OiC=160 kPa, K=0.53) to an
average p'=93.0 kPa. The Toss in p' averaged 15%. This is Jlower than
the 20% reported by Skempton and Sowa (1963) and Ladd and Lambe (1963).
It should also be noted on these tests that the shear unloading phase
with Au > 0.333 actually led to small increases dn p' before cell
pressure reduction,

Exceptions to the general pattern were the normally consolidated

"samples" T733 and T736 in Figures 5.12 and 5.13 respectively. The
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porewater pressures in both "samples" were observed to deviate from an
approximate 1:1 relationship with the cell pressure during {sotropic
unloading. This is more evident in the negative pressure range for the
"sample" T736 (Figure 5.13). It was probably associated with the
presence of air coming out of solution into the system and inhibiting
the development of high negative porewater pressures (Okumura 1971),
(It was confirmed during the later reconsolidation phase of testing that
both "samples" had air in their drainage systems). The initial residual
porewater pressures immediately following isotropic unloading for both
"samples" T733 and T736 were -44 kPa and -45 kPa respectively, about
half of what was experienced by other normally consolidated "samples",

This caused a total loss of 55% in P as the mean effective stress
dropped to about 50 kPa.

For overconsolidated "samples, the B-values during the isotropic
unloading were 99% to 100% (Figures 5.15-5,17). They were higher than
those obtained for normally consolidated "samples" as discussed in one
of the earlier paragraphs. It can be observed that the deviation from
the 1:1 relationship was much Tess obvious in the overconsolidated
"samples". The initial residual porewater  pressures immediately
following the isotropic unloading ranged from -45.3 kPa to -51.6 kPa
with an average value of -47.5 kPa. Figures 5.9-5.11 also show the
stress paths of the overconsolidated "samples" in p',q-space during
isotropic unToading. The residual effective  stress immediately
following the shear and isotropic unloadings reached an average value of
52.7 kPa, which compared favorably to the "in situ" mean effective
stress of 54,9 kPa (oic=80 kPa, K=0.53). The loss in p' was only 3.8%,

which is much less than the 15% from the normally consolidated
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"samples". The mean effective stress of the overconsolidated "samples"
can be considered to remain approximately constant immediately before
and after the unloading processes, especially for "samples" T751, T752,
T756 and T759 where the differences were usually of the the order of 2
to 3 kPa. A similar conclusion was drawn for overconsolidated "samples"

of the clay by Graham et al. (1986).

5.3 STORAGE

A11 "samples" after being unloaded were subjected to different
periods of swelling to model various storage periods imposed on the
recovered samples. The selected durations of the storage periods were
15 minutes, 1 day and 1 week. The background leading to the selection
of these storage periods was discussed in Section 3.2.2. Section 3.4.6
described the test procedure during the storage phase of testing.

Figures 5.18 to 5.20 show the swelling behaviour of the normally
consolidated "samples" T733-T739 with respect to the storage time. The
final volumetric strains measured during this phase are summarized in
Table 7. The swelling curve for "sample" T732 is not available due to
leakage at the top drainage connection, “SampTle" T733 was allowed to
have drainage from the top of the "sample" through the top cap (Figure
5.18 a), and at the same time negative porewater pressures were
monitored from the cell pedestal (Figure 5.18 b) during a storage period
of 1 week (Section 3.2.2). It was observed in Figure 5.18 b that the
negative residual porewater pressure stayed almost constant at a value
of about -55 to -57 kPa for some time, and then a loss of negative
porewater pressure started at a time ranging from 10 hours to 1 day.

(This relatively sudden breakdown phenomenon was not so obvious at the
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corresponding section of the swelling curve in Figure 5,18 a but the
curves have the same general shape). The drop of porewater pressure
continued in an approximately Tlinear relationship with log(storage
time). This gradually caused decreased values of the mean effective
stress p'. Similar porewater pressure behaviour was also observed by
both Kwok (1984) and Ambrosie (1985), (Graham et al. 1986). The
mechanism is unclear. They suggested that some may be due to slow
reorientation of clay particles. This could develop as the anisotropic
in situ stress changed to isotropic effective stresses controlled by
negative porewater pressures. The remainder may result from diffusion
through the double membranes, or past the sealing rings under the 1low
cell pressure of 5 kPa during this stage of testing. Kirkpatrick and
Khan (1984) attributed the loss of pore suction with increasing storage
time to the effects of cavitation. The occurrence may vresult from a
combination of all these factors to varying degrees.  Further work is
needed on the effects of cavitation in these samples.

After the "sample" T733 had been stored for about 4 to 5 days, the
linear relationship (Figure 5.18 b) of porewater pressure with respect
to log(time) tended to slow down. This is also reflected at the
corresponding section of the swelling curve in Figure 5.18 a. At  the
end of the 1-week storage time, the residual porewater pressure (ur) at
the bottom of T733 dropped to -7.5 kPa, and the ur/uri ratio decreased
to 14%. The final volumetric strain (expansion) for T733 was 5.92%.

Two other 1-week normally consolidated “samples" (7736 and T739)
also show swelling curves with a shape similar to a conventionally
S-shaped consolidation curve with large Toad increment ratios (Figures

5.19-5.20). The swelling of the “samples" resulted from the dissipation
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of negative porewater pressures. The volume increases of the "samples"
were observed to take place more gradually than the losses 1in negative
porewater pressure,

A typical swelling curve in Tlog(time) space consists of an initial
non-linear section followed by a second Tinear section and a third less
steep linear line. The time where the two linear sections meet may be
interpreted as the equilibrium time, and was observed to range from
about to 1 to 2 days in T736, about 3 to 4 days in T739, and about 5
days in the one-end drainage "sample" T733 (Figure 5.18 a). At the end
of the 1-week storage period, both "samples" 7736 and T739 had final
volumetric strains of 7.46% and 7.76% respectively. These strains were
higher than the 5.92% from "sample" T733. The lower strain in T733 was
probably due to the partially drained condition imposed on the “"sample",
where lateral filter paper drains had not been used. Ambrosie (1985)
reported the volumetric strain of the same clay after a storage period
of 1 week was 1.7%. Re-examination of the original Tlaboratory data
shows that this figure should be corrected to 6.95%.

The 1-day storage "samples" T735 and T738 exhibited only the first
Tinear relationship without any subsequent slow-down during the storage
period. The final volumetric strain of "sample" T738 after 1-day
storage was 5.20%. "Sample" 7T735 had an unusually high volumetric
strain of 8.11% probably because 1its membranes were accidentally
overexpanded for a short time at the end of unloading when the “sample"
was under Tow cell pressure with high applied porewater pressure. After
its "in situ" stresses (07.=160  «kPa, 03.°84.8 kPa) had  been
re-established, the drainage system was flushed to ensure that any

trapped air was removed. The “"sample" was then allowed to stabilize for
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24 hours under a backpressure of 500 kPa. The unloading procedure was
subsequently repeated. The soil structure at end of the backpressuring
might be different from that at its "in situ" state despite the rescue
procedure. However the most important thing is that the shape of this
swelling curve during the first 2-hour storage period s identical to
the corresponding stage of “sample" T736.

The 15-minute "samples" T734 and T737 had volumetric strains of
0.54% and 0.46% respectively. These strains were small when compared to
those obtained from “"samples" after a storage period of 1 day or 1 week.
However their swelling behaviour did show the initial shape of a 1-week
swelling curve, especially for "sample" T737.

The swelling curves for the overconsolidated "samples" T751-T759
during various storage periods are presented 1in Figures 5.,21-5.23.
Similar trends of swelling behaviour were observed as previously
described for the normally consolidated “samples". Equilibrium times
usually occurred at times ranging from 2 to 3 days after the drainage
leads were opened. This was in the same range as the normally
consolidated samples but the results appeared to be more consistent.
The reason may be due to the smaller magnitude of stress release in the
case of overconsolidated "samples" than normally consolidated "samples",

Table 8 summarizes the final volumetric strains measured during
swelling for the overconsolidated "samples". The volumetric strains for
the 1-week "samples" varied from 6.49% to 6.75%. The 1-day "samples"
and 15-minute "samples" show volumetric strains of 4.13% to 5.29%, and
0.28% to 0.37% respectively. These strains are only slightly Tower than
the corresponding values from the normally consolidated "samples". This

may be due to the marked non-Tinearity of swelling behaviour during
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unloading. Figure 5.21 shows a sudden Jjump in the results for "sample"
T752 after it has been drained for a period of 2 hours. This was
because of a sudden loss of the cell pressure during the early stages of

the test.

5.4 RECONSOLIDATION

At the end of various selected storage periods, all "samples" prior
to undrained shearing were subjected to reconsolidation at one of the
various stress levels chosen in Section 3.2.2. The main objective in
this study is to determine which reconsolidation procedure can best
reproduce the "in situ" strength of reconstituted i1lite clay. Section
3.4.7 described the test procedure during this phase of testing.

Reconsolidation was usually complete after 3 to 4 days. Axial
strains and volumetric strains measured during this stage for the
normally consolidated "samples" T732-T739 are summarized 1in Table 7.
Lateral strains were also computed 1in Table 7 from the measured
volumetric strains and axial strains assuming that the "samples”
remained cylindrical during deformation. Test results for "sample" T732
were not available due to leakage at top drainage connection.

It was observed that reconsolidation strains experienced by the
normally consolidated "samples" varied with the  reconsolidation
procedures and the storage periods. The volume changes in term of
volumetric strains experienced by the "samples" during  this
reconsolidation phase are also plotted against Tlog(storage time) in
Figure 5.24. There is an approximately linear and parallel relationship
between the volumetric reconsolidation strain and the storage time of

the "sample" in Tog space. The "samples" which had been subjected to
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longer periods of drained storage experienced larger subsequent volume
decreases when they were subjected to  identical  reconsolidation
procedures. The volumetric strains were usually the highest for the
"samples" stored for 1 week. Table 7 also shows similar relationships
in the measured axial strains.

As well as this influence of storage time, "samples" which had been
subjected to identical period of storage experienced Targer volume
decreases resulting from 1.OXoiC—1so reconsolidation than those from

l.OXoiC—aniso reconsolidation. (These symbols will be used again Tlater

to refer to the reconsolidation procedures. "l,OXoiC—iso" means
"isotropic reconsolidation to ¢'=1.0xq! - "aniso" means "anisotropic
1 lc®

reconsolidation to oi=1.0x0ic".) These larger volume decreases are due
to the higher imposed mean stress level of p'=160 kPa 1in the l.OXoiC-TSO
reconsolidation compafed with p'=109.9 kPa in the l.OinC—aniso
reconsolidation. Of the three 1-week normally consolidated "samples"
(T733, T736 and T739), "sample" 71733 which was subjected to the
O,6inC-iso reconsolidation procedure gave the Tlowest volumetric
strain. This is probably because it had the Towest p' value of 96 kPa
of the three "samples". Results of the O.6inC—iso reconsolidation for
normally consolidated "samples" with other storage times are not
available as explained in an earlier section,

Reconsolidation strains for the overconsolidated “samples"
T751-T759 are summarized in Table 8. Volumetric reconsolidation strains
are plotted against Tog(storage time) in Figure 5.25. Similar trends of
reconsolidation behaviour were observed to those described earlier for

normally consolidated "samples", but the results appear to be more

consistent. The volume decreases experienced by overconsolidated
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“samples" during this stage were smaller than corresponding values from
normally consolidated “samples". The reason is probably due to the
smaller magnitude of the reconsolidation stress Tevels in the case of
overconsolidated "samples" compared with the normally consolidated
"samples",

Unusual behaviour was observed in "sample" T751 which experienced a
small volume expansion instead of volume compression during the
0.6inC—iso reconsolidation (Table 8). "Sample" T751 was not able to
swell fully during the short imposed storage period of 15 minutes. The
mean effective stress of the “sample" at the end of storage period
therefore dropped only stightly Tower than the initial value of p'=53
kPa immediately following the total stress unloading, and was still
higher than the value of p'=48 kPa that was applied during 0.6inC-iso
reconsolidation. This explains why swelling still continued during the
reconsolidation phase of the tests. Swelling 1is also seen 1in the
results of axial strain for T751 (TabTe 8). 0On the other hand, the
1-day and 1-week "samples" (T752 and T753 respectively) had released
their negative porewater pressures, and the p' values were therefore
Tower than the reconsolidation value p'=48 kPa. These  samples

experienced volume decreases during the 0.6x0; ~iso reconsolidation.
lc
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CHAPTER 6

UNDRAINED SHEAR TEST RESULTS

6.1 INTRODUCTION

After triaxial consolidation, all specimens were transferred from
the consolidation frame to a strain-controlled compression test frame.
They were then subjected to a backpressure of 500 kPa for a 24-hr period
before any further testing.  Seventeen specimens (T732-T739  and
T751-T759) now referred to as “samples" were subsequently subjected to
processes of unloading, swelling and reconsolidation before undrained
shearing was performed. On the other hand, six control "in situ
specimens" (T740-T742 and 1760-T762) were sheared undrained immediately
following the backpressuring without the unloading and reloading steps.
This chapter presents the undrained shear test results for both the
normally consolidated specimens (T732-T742) in Table 9 and the
overconsolidated specimens (T751-T762) in Table 10.

Properties examined from the results of the undrained shear tests

include the undrained shear strength, s the porewater pressure

u’
parameters, Af and m; and the "elastic" modutus, E50' In each case, the
results from the "in situ specimens” will be identified first, and then

the results from various reconsolidation procedures will be presented.

6.2 STRESS-STRAIN RELATIONSHIPS

Grapns of (01'03)/2°Qc’ 0{/03 and Au/ol . versus € have been
plotted for all specimens  during undrained shearing. Eight

representative sets of these graphs differentiated in terms of the
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reconsolidation procedures and their overconsolidation ratio are given
in Figures 6.1-6.8. The remaining graphs from the test program have
been included in Appendix C for further reference,

The stress-strain curves from the undrained shear tests are all
rather similar, showing a variety of slightly strain softening behaviour
that depends (1) on the overconsolidation history of the specimens; (2)
on the duration of storage; and (3) on the reconsolidation procedures,
In general, all tests exhibited an initial stiff section on (01'03)/2°Qc
versus El plots, followed by a more flexible stress-strain response, A
small amount of strain softening behaviour was usually observed after a
maximum deviator stress had been reached. The reduction in the shear
resistance between the maximum deviator stress and the end of the test
at Targe strain, was not as large as observed for example by Li (1983)
in remoulded Winnipeg Clay. The stress-strain curves in the present
study were examined using the maximum deviator stress for determining
failure.  This failure criterion differed from the yield failure
criterion used by Kwok (1984) and Ambrosie (1985), 1in which a yield
point was identified with some difficulty as the stress at which their
samples had maximum curvature in stress-strain behaviour,

For normally consolidated soil, the "in situ specimens" T740-T742
failed at axial strains ranging from 0.56% to 0.75%. The isotropically
reconsolidated "samples" 7T732-T736 failed at markedly Tlarger axial
strains (4.39% to 5.37%) than the anisotropically  reconsolidated
"samples" T737-T739 (0.82% to 1.37%).

In the case of overconsolidated soil, the failure of the "in situ
specimens"” T760-T762 occurred at axial strains ranging from 0.97% to

1.39%, 1larger than the corresponding values from the normally
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consolidated soil. The failure strains of the isotropically
reconsolidated "samples" T750-T756 ranged between 2.73% and 4.11%.  The
anisotropically reconsolidated "samples" T757-T759 failed at slightly
Tower strains of 1.38% to 2.50% than the isotropically consolidated
"samples", and at slightly larger strains than the control specimens.

In general, the reconsolidated "samples" of the normally
consolidated and the overconsolidated i1lite usually failed at higher
axial strains than the control "in situ specimens"”, The failure strains
observed from the anistropically reconsolidated "samples" were also
closer to the "in situ" values when compared to the isotropically
reconsolidated "samples". Similar results were reported by Okumura
(1971), Kirkpatrick and Khan (1984), and Graham et al. (1986). However
no systematic relationship was observed between the failure strains and

storage time (Tables 9 and 10).

6.3 EFFECTIVE STRESS PATHS

6.3.1 Normally Consolidated Soil

The effective stress paths in p',q-space of normally consolidated
specimens are presented in Figures 6.9-6.12. "Samples" subjected to
identical reconsolidation procedures are plotted in the same graphs to
show comparisons regarding the storage periods. The results from the
different reconsolidation procedures will be discussed separately in the
following paragraphs. The influence of normal consolidation is clearly
demonstrated in all effective stress paths, with some differences due to
the different reconsolidation procedures. They generally rise fairly
steeply and then move to the left as the specimens try to compress

during undrained shear.
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The three normally consolidated "in situ specimens" T740, T741 and
T742 rose steeply at the beginning of the test (Figure 6.9), and then

[}

moved sharply to the left with some strain softening once failure had
been reached. This behaviour indicated breakdown of the soil
microstructure that had been developed during anisotropic consolidation.
The "in situ specimens" failed at almost identical shear stresses
(Figure 6.9; Table 9).

The O.6x0i
slightly different effective paths in p',q-space (Figure 6.10) although

C-iso reconsolidated "samples" T732 and T733 exhibited

they were reconsolidated to identical reconsolidation stresses. (They
were also quite different from the control "specimens" in Figure 6.9),.
"Sample" T732 shifted first slightly to the right and then back to the
Teft as it moved upwards. It then reached maximum shear stress and
continued to the Teft with a small amount of strain softening. "Sample"
1733, on the other hand, moved upwards to the Tleft at the start of
shearing, and then ran approximately parallel to T732. Its maximum
shear stress, and post-failure behaviour were very similar to those 1n
T732.

The stress paths of the 1.0x¢/

1c
T735 and T736 in Figure 6.11 are again similar to each other but

-1iso reconsolidated "samples" T734,

different from the other series. They first moved upwards to the Tleft
until reaching failure, and continued to the Tleft with some strain
softening at Targe strains. However the pre-failure stress path of the
15-minute “sample" (T734) rose more steeply than the 1-day and 1-week
“samples" (T735 and T736 respectively). The maximum shear stresses of
these reconsolidated "samples" decreased with increasing storage time.

The stress paths of the 1.0xo.

1C—aniso "samples" T737, T738 and T739
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are shown in Figure 6.12. They exhibited generally similar shapes of
effective stress paths to the "in situ specimens"” (Figure 6.9). The
15-minute ‘"sample" T737 moved upwards steeply until reaching the
failure. The effective stress paths of “samples” T738 and T739 (with
storage times of 1 day and 1 week respectively) deviated more to the
left during the pre-failure stage. The duration of storage seemed to
have similar effects on the stress paths as described 1in the previous
paragraph for 1.OXOiC-iso reconsolidated "samples". That is, the maximum
shear stress decreased with increasing storage time.

6.3.2 Overconsolidated Soil

The effective stress paths in p',q-space for the overconsolidated
illite are presented in Figures 6.13-6.16. The effective stress paths
generally moved upwards either almost vertically or slightly to the Tleft
at the beginning of shear. They then moved slowly to the right and
subsequently failed as the 1ightly overconsolidated clay tended to
dilate, producing decreasing porewater pressures. They generally
continued to move to the right with some strain softening.  Some
exception to this general behaviour are shown in Figure 6.15. The
shapes of the pre-failure stress paths of the 1.OXOiC-iso "samples"
1754, 7755 and T756 in Figure 6.15 are very similar to those from other
overconsolidated specimens (Figures 6.13, 6.14 and 6.16). However after
the l.OXoiC-iso "samples" reached failure, they moved to the Tleft
instead of to the right, and showed the expected strain softening. With
the increase of p' to 80 kPa during reconsolidation, these ‘“samples"
tended to compress during the Tlater stages of shear, producing

increasing porewater pressures.

The duration of storage seemed to have similar effects on the
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effective stress paths of the overconsolidated "samples" to those
described earlier for the 1.0X0ic
reconsolidated "samples" that were normally consolidated. The deviation

isotropically and anisotropically
of the pre-failure effective stress paths from the vertical to the left
(Figures 6.14 and 6.15) increased with increasing storage time. The

I5-minute "samples" usually exhibited the highest shear strength.

6.4 POREWATER PRESSURE GENERATION

6.4.1 Normally Consolidated Soi]

The relationships between normalized changes in porewater pressure
(Au/o&c) and axial strains (El) for all the normally consolidated
specimens during the undrained shearing phase of the tests are presented
in Figures 6.1-6.4 and in Appendix C. The porewater pressures continued
to increase after the failure was reached. These increases in porewater
pressures are characteristic of normal consolidation as the soil tends
to compress under undrained shearing.

The porewater pressure parameter Af = Auf/A(ol*o3)f was obtained
from each test and results are summarized in  Table 9. The
reconsolidated "samples" usually failed at higher Af—va1ues (0.51 to
0.79) than the control "in sity specimens" (0.37 to 0.42). They also
showed the Af-va1ues increased with increasing storage time, For
"samples" subjected to identical periods of storage, the O.6XOiC—iso
reconsolidation gave the best estimates of the "in sity" Af, This view
was also reflected in the resylts of Ambrosie (1985). On the other hand,
the anisotropic reconsolidation was the Tleast successful method for
estimating the "in situ" value except from the 15-minute sample (Table

9).
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The porewater pressure behaviour was also examined wusing the
normalized change in porewater pressure Au/o\'/C versus normalized change
in octahedral total mean stress Ap/o&c. The graphs shown 1in Figures
6.17-6.20 are presented in groups  according to reconsolidation
procedures.  The shapes of these graphs for the anisotropically
reconsolidated "samples" T737, T738 and T739 (Figure 6.20) are quite
similar to those obtained from the control "in situ specimens" T740,
T741 and T742 (Figure 6.17). The specimens generally exhibited
remarkably Tinear initial relationships until close to failure. When
the porewater pressures suddenly increased, the normalized changes in
octahedral total mean stress Ap/o\‘/C remained almost constant. The
slopes of the initial linear sections represent the m-values summarized
in Table 9. The m-values of the “in situ specimens” ranged between 1.21
and 1.42 with an average of 1.29. This average is close to the m-value
of 1.26 reported by Ambrosie (1985) and represents anisotropic particle
structure in the specimens (Graham and Houlsby 1983). The m-values of
the anisotropically reconsolidated "samples" were usually sTightly
higher than the "in situ specimens" and had larger variability from 1.37
to 1.88.

The relationships  between Au/o\'/C versus Ap/o\'/C for  the
isotropically reconsolidated “samples" (Figures 6.18 and 6.19) were
slightly different from the anisotropically reconsolidated specimens
shown in Figure 6.20. The initial linear section was more pronounced
for the isotropically reconsolidated "samples", and the transition to
non-linear behaviour was not as sudden as in the anisotropically
reconsolidated "samples". A similar observation was made by Ambrosie

(1985). Despite these differences, the isotropic "samples" exhibited a
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similar range of m-values (1.56 to 1.86) when compared to that from
anisotropic ‘"samples" (1.37 to 1.88). However  the anisotropic
reconsolidation generally tended to give the best estimates of the
“in situ" m-value compared with the isotropic reconsolidations if
identical periods of storage were imposed to the "samples". There was
exception for the case of the 1-week "samples" (Table 9).

Overall, the reconsolidated "samples" generally exhibited higher
m-values than the control "in situ specimens".,  The m-values also
increased with increasing storage time (Table 9). The l,OXoic—aniso
reconsolidation generally gave the best estimate of its "in situ”
m-value.

6.4.2 Qverconsolidated Soil

The relationships between Au/o\'/C and 61 for the overconsolidated
samples during undrained shearing are given in Figures 6.5-6.8 and in
Appendix C. The porewater presssures rose to maximum before failure was
reached, and then decreased as the specimens tended to dilate and strain
soften to the end of the test at axial strains of about 12%.

Figures 6.21-6.24 group the plots of au/o’

Ap/o! i
vc versus p/oVC according

to the reconsolidation procedures. For specimens except the 1,0oic-iso
reconsolidated "samples" (T754-T756;  Figure 6.23), the initial
relationship was approximately Tinear and suddenly showed a decrease in
A“/OQC’ with an increase in Ap/o\'/C hooking the curve to the right. This
indicated the dilative behaviour of lightly overconsolidated soils. The
subsequent Au versus Ap behaviour s complex and will be discussed
further in Chapter 7. There is close general agreement between the

“in situ specimens" in Figure 6.21 and the 1.OinC—aniso "samples" in

Figure 6.24. The initial porewater pressure responses shown in Figures
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6.21 and 6.24 seemed to be less certain and Tess linear when compared to
those of the 0,6Xoic-iso reconsolidated "samples" (Figure 6.22).

The porewater pressures of the 1.Ox0ic-1so reconsolidated "samples"
1754, T755 and T756 (Figure 6.23) are slightly different in detail,
although they show similar trends. They increased sTightly more quickly
during the early stages of the tests than other overconsolidated
specimens. In this case, the “Toop" in the porewater pressure curves
shown in Figures 6.21, 6.22 and 6.24 have degenerated into simply a
marked discontinuity and a sudden change of direction, The 1.0X0ic-180
reconsolidated "samples" at this stage tended to compress and behaved
more like normally consolidated soils. This behaviour was also observed
by Kwok (1984) in his 1.OXoiC—iso reconsolidated "samples",

The Af-va1ues of the overconsolidated samples are summarized in
Table 10. The control “in situ specimens" T761 and T762 had Af—va1ues
of 0.12 and 0.18 respectively. These compare with values of 0.19 and
0.20 reported by Kwok (1984) at smaller axial strains defining his
"yield stress". The control specimen T760 showed an unusually Tlow
Af—vaWue of 0.03. This is possibly due to a saturation problem
encountered at the end of triaxial consolidation. The B-value = 0,97
reported in Table 10 was obtained only after efforts to increase the
saturation. For the reconsolidated "samples", the measured Af~va1ues
varied considerably from 0.11 to 0.50. It was observed that Afwvalues
increased with increasing storage time when "samples" had been subjected
to identical reconsolidation procedures. Kwok (1984) also reported that
the 1-week storage “samples" showed the highest Af-va1ues. The
anisotropically reconsolidated "samples" seemed to give the best

estimates of "in sity" Af-value compared with the isotropically
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reconsolidated "samples" when they had been subjected to identical
duration of storage. Graham et al,. (1986) also drew the same
conclusion.

The m-values for the overconsolidated specimens are given in Table
10.  A1T specimens except T760 and T762 have m-values higher than 1.0.
The m-values of the "in situ specimens" varied considerably from 0.86 to
1.34. The reason is unclear, but the same difficulty was encountered by
Kwok (1984) 1in his overconsolidated "in situ specimens",

For "samples" subjected to identical periods of storage, the
isotropic "samples" generally exhibited higher m-values than the
anisotropic "samples", which usually gave results closer to the
"in situ" m-values. This view is also reflected in the results of
Af—values which have just been discussed. The m-values also tended to
increase with increasing storage time although the tendency was not as

consistent as in the case of the normally consolidated "samples".

6.5 ELASTIC MODULUS

In the present study, the non-Tlinearity of the (01—03)/20\'/C versus
61 curves from undrained shear testing has been approximated by a secant
modulus ESO' This Eso-va1ue was obtained as the slope of a
stress-strain curve between start of shearing and 50% of the maximum
deviator stress (Graham 1974). Table 9 and Table 10 summarize the
results for the normally consolidated specimens and the overconsolidated
specimens respectively. The relative stiffnesses ESO/Su and ESO/o\‘/C are
also included in Table 9 and Table 10 for comparison,

For the normally consolidated specimens, the E50—va1ues of the

"in situ specimens" T740 and T741 were 63.5 mPa and 70.6 mwPa
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respectively. "In situ specimens" T762 showed a comparatively Tow value
of 25.4 mPa that has been excluded from the analysis. There was no
systematic variation of stiffness with storage time. This means that
the effectiveness of the reconsolidation procedures can be examined in
terms of the average E50 values. These were calculated from Table g to
be (1) 67.1 mPa for the control “in situ specimens", (2) 11.4 mPa for

the O,6Xo'c-1so “samples", (3) 17.4 mPa for the 1.0xa1c—1so “samples"

1
and (4) 37.4 mPa for the 1.0xaic-aniso "samples". This shows that the
reconsolidated "samples" generally exhibit much Tower ESO—values than
the "in situ specimens". Similar results were found by Atkinson and
Kubba (1981); and by Kirkpatrick and Khan (1984).  Although there was
considerable scatter among the measured ESO—va1ues (as s wusual 1in
estimating clay stiffnesses in the laboratory), the 1.OXoiC—aniso
"samples" usually gave closer results to "in situ" values than the
isotropic "samples". This contrasted with what Graham et al. (1986)
found, namely that the l.OXOiC—aniso reconsolidation procedure was
actually the Teast successful method in recovering the elastic modulus
E50.

The E values for the overconsolidated specimens  varied

50
considerably (Table 10) so no firm interpretations can be made. The
“samples" subjected to a storage period of 15 minutes usually showed the
highest ESO—va1ues if identical reconsolidation procedures were applied,
This indicated that the 15-minute “samples" were subjected to Tless
disturbance due to offloading and storage than other “"samples". If some
apparently divergent results are discarded, it can be suggested

tentatively that both isotropic reconsolidation procedures underestimate

the "in situ" soil stiffness, and a better estimate 1is obtained from
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1,0xoic—aniso reconsolidation procedure. This view was also reflected
in the Tast paragraph for the normally consolidated "samples", Further

discussion of the soil stiffnesses will be undertaken in Chapter 7.
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CHAPTER 7

GENERAL DISCUSSION

7.1 INTRODUCTION

This dinvestigation studied the effects of  stress-release
disturbance on the shear behaviour of simulated offshore clay samples.
It was aimed at searching for Taboratory procedures which can best
recover the "in situ" strength and stress-strain behaviour of the clay.
The design program and test procedures for this study were outlined in
Chapter 3. Chapters 4, 5 and 6 presented the results in detail from the
consolidation; the unloading, storage and reconsolidation; and the
undrained shear phases of tests. They also contained some preliminary
discussion of the results as they were being presented. This chapter

will discuss more general topics raised by the research.

7.2 BASIC SOIL PROPERTIES AND GENERAL DISCUSSION ON MOISTURE CONTENTS

7.2.1 Basic Soil Properties

General classification tests, including Atterberg limits, grain
size distribution and specific gravity tests, were performed on the
i1litic clay used in this investigation. The average index properties
were compared in Table 2 with results reported by Ambrosie (1985), Kwok
(1984) and Wu et al. (1983) on similar clay. Relatively good agreement
was found between these four sets of results. Atterberg T1imits were
performed on all specimens used for the present stress release study,
The range of plasticity index (TabTes 11 and 12) was from 28.4% to 37.3%

with a mean of 33.6% and a standard deviation of 4.7%. There was no
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systematic variation of the Atterberg limits with time during the course
of the testing program.

7.2.2 Moisture Contents at Various Stages During Testing

Tab