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The maÍn objectives of this thesis were to examine the effects of
moderate stress rerease d'isturbance on sampres of ìightìy
overconsolidated simulated marine clay and to search for a ìaboratory
procedure that best recovers the'in-situ undrained shear behav.iour.

Thìrteen "samp'les" of il I itic
one-d'imensional ly, stored e jther "dra jned', or ,'undrained,, for one of
three storage periods, reconsol'idated using one of three
reconsol idation procedures, and then subjected to undrained shearìng.
The results were then compared with those from fjve jn-situ ,,control

specimens" which had not been offroaded, stored or reconsor.idated.

For samples stored e jther "dra-ined" or ',undrained',, those stored
for the shortest period of time and then reconsolidated to the in-s.itu
stress state gave the best estimate of the in-situ undrained shear
strength, cu and stress-strain behaviour. For ,,samples,, whìch ,uere

stored for longer periods and reconsor idated to a stress state
djfferent from the ìn-sìtu, c,, was underest.imated. The decrease ìn c, u I rru uçLt tro)t 

u
wìth an increase ìn storage time was larger for the ,,samp1es,, 

which
were stored "dra.ined', rather than "undrained,,.

Abstract

cl ay r^/ere consol idated
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1"1 General

The ongoi ng demand for energy resources has accel erated
hydrocarbon recovery ìn nearshore and offshore waters in the last
20-30 years. The two most common types of seabed structures used as

drillìng platforms for the recovery of oil and natural gas are gravity
structures and pìre supported structures, as shown -in Figs. 1.1a,b.
Dril ling platforms of the gravìty structure type are supported on

mass'ive concrete foot'ings which rest on the seabed. Applìed roads

resulting from wìnd, waves, or ìce are resisted by the'large mass of
concrete and the large volume of foundation soil which it stresses.
Drill'ing platforms on pì'ìe supported structures are supported by a

tower conf igurat'ion of steer members. Stabì1.ity -is prov.ided from
piles wh'ich penetrate into the seabed from the base of the tower. In
both cases, economìcar and safe des'ign of the foundat.ion requ.ires a

good knowìedge of the engineerìng properties of the supportìng
foundation soil and th'is can on'ry be obta.ined through a thorough
program of sjte .investigat.ion.

A properly conducted sojl 'investìgatìon'requires a combination of
both 'in-situ and laboratory testìng to find the representative
strength and setilement characterìstics of the soir -in question
(Attwool I et al .1985; Jefferies et ar .19gs; Hoeg 1986) . Both types of
tests have their respect'ive advantages and disadvantages, but the

llrapter 1 - Introduction
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disadvantages seem to be magnìfied when workìng in a mar.ine

environment (Richards 19B4). consequently, the des.ign parameters

obtained from either in-situ or laboratory testing may not be

representative of the actual field conditions. Aìso, the costs of
both ìn-situ and laboratory testing are very high, due mainly to the
cost of mobil ìzing the drir r-shìps and the sophìsticated equipment

required for hìgh qua'lity testing (sangrey lgTz). Therefore, .it is
desirable to design an efficient and effective test.ing program.

Strength and compress'ib'i1ìty determinat jon from .in-s jtu methods

usualìy requ'ires past knowledge of the material being investìgated so

that an empiricaì correration can be made between the measured

propert'ies and actual field values. This correlation is not aìways

available. hrìth laboratory testing procedures the ma.in probìem .is

associated w'ith the methods used to obtaìn samp'les and their treatment
prior to testíng. Clay spec'imens taken from the seabed are subjected
to two types of d'isturbance which can s-ignìficanily alter their
'in-s'itu partìcle structure, porewater pressure (pwp) distribution, and

water content. Fìrst, a mechanical d'isturbance is introduced into the
specìmen when the sampling tube 'is inserted into the soir mass.

R'ichards and Zuidberg (19g6) ìndìcated that recent advances in
sampling technology have reduced the amount of mechanical dìsturbance

introduced during the sampi'ing process. However it can never be

total'ly el iminated regardress of the technìque empì oyed. The second

type of d'isturbance induced in the specìrien'is caused by the release
of the confinìng pressure as the samp'le is lifted from jts seabed



3

environment to the deck of the samplìng ship. The release of stresses
causes straining'in the microstructure of the clay, and can change its
strength and compress.ibil.ity characteristjcs.

Thìs project is a continuat'ion of the work performed by

Kwok (1984), Ambrosìe (19g5), and Lau (1986) whìch exam.ined the
d'isturbance of reconstituted clay sampies due to pressure release
al one. The undra'ined shear behav'ior of "control spec.imens,, wh jch have

not been subjected to any pressure release or mechanical d.isturbance
'is compared with that of so car red "sampres" which have undergone

pressure release di sturbance but no mechanical d'i sturbance. The

quotat'ion marks, " ", sign'ify'ing the simulated "samples" and ,,control

specimens" wil I be omitted in the foilowìng text. However, it shourd

be remembered that these terms are defined here stricily for
reconstituted test specimens used in this testing proqram.

The work described ìn the followjng text continues the earlier
'investìgations of ìiqhtìy overconsol ìdated c'lay (overconsol jdat jon

rat'io, ocR=ã) . The previ ous projects on overconsol ìdated c1ay,
(Kwok 1984 and Lau 1986) have been subject to some criticism for the
value of the at-rest laterar coefic'ient of earth pressure, K0 = o[/oi
used for overconsol idated spec'imens. It has been shown that K0o.
(the value of Ko for an overconsol'idated state) approaches 1.0 for
0CR=2, from jts normal ìy consol jdated value of KOn. = 0.b3 for the
type of so'il used in this series of investigations (Brooker and

Ireland 196s; Mayne and Kulhawy rggz; Kirkpatrìck et at.isaol. The

earl ier projects of Kwok (1984) and Lau (19g6) held Ko constant at
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0 '53 for both the normal ìy consoi'idated and overconsol idated stress
states. Thjs was done at the tìme to remove one of the poss.ible test
variables from the test program. subsequenily however, it was

cons'idered necessary to use a more real jstic value of K0, and thjs
forms the basis of the research work that wiil be reported .in this
thesìs. The testìng program from the earlier work has been dupiìcated
in this program as far as poss'ible so that direct comparisons can be

made between results for K0o. = 0.53 used by the earlier researchers

(Kwok 1984 and Lau 1986) and K0o. = 1.0 used in the present research.

I "2 0bjectives

procedure for effect'ive reconsolidat'ion of reconstituted samples of
ìl I itic clay wh'ich have experìenced stress release and a subsequent

storage perìod causing di sturbance. The procedure should produce the

best possible evaluat'ion of the in-situ undrained shear behavior of
the c'ìay. Sampìes'in this project were subjected to the same storage
conditions and reconsol'idation procedures as those used by

Kwok (1984), Ambrosie (1985), and Lau (i986) which s.imurate the actuar
treatment of recovered specìmens. Thl's permits compar.isons .be.ing
drawn between the results of this and the earlier studies to find the
effect of changìng the varue of Koo. durìng the preparation of the

specimens.

The main objective of this study js to f.ind a

In addit'ion, a

iaboratory

l'imited number of sampl es were tested at
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significantly hìgher pressure levels than.in the prev.ious projects to
simulate sampling in deeper water. This hiqh pressure testìng has

been performed to initiate a new technology at the universìty of
Manitoba. The behav'ior of gassy soirs and the cav.itation of water

within the sample and the testìng equipment have been invest.igated in
prìncìp1e as potentìa1 problems during the pressure release stage.

The laboratory testing program for studyìng the stress release

effects consisted of eighteen (1g) - 76 mm diameter reconstìtuted
specìmens of il l'ite clay tested in triaxiar compress.ion. 0f the 1g

spec'imens, two were cons ìdered r ess usefur than the rest because

accurate control of water contents durìng testing was lost. The tests
therefore had to be repeated. Four of the remaìn.ing specimens were

tested as control specimens to evaluate the in-situ behavior. The

remainìng 12 were tested as simurated sampìes, with à beìng tested at
h igh pressure.

chapter 2 of the thesis provìdes a review of the prevìous

research that has investigated the effects of pressure rerease

disturbance. Details of the testing program wil I be discussed in
chapter 3. chapter 4 presents the results obtained from the
consoll'datìon, unloadìng, storage, and reconsorìdatìon stages. The

results of the undrained shear tests are presented in chapter s.
chapters 6 and 7 present a d'iscussion and synthesis of the test data
and conclusions drawn from the study. The hìgh pressure testìng w.il I
be discussed'in Appendix A. Ail tabres, fìgures, and appendices

refered to in the text will be presented at the end of the thesis.



2"1 Introduction

Chapter 2 - Lìterature Review and Pertinent Theorv

Accurate estimatìons of the undrained shear strength, cu of

foundation soils are required for safe and cost-efficient foundation

desìgn for offshore structures. However, it is d'iffìcult to measure

undra'ined strength correctly usìng e'ither in-sjtu or laboratory

test'ing methods. Test samples recovered from the seabed are

inevitabìy subjected to two sorts of disturbance outlined in Chapter-

1, that is mechanical disturbance and pressure release 'induced

d'isturbance. This chapter presents a detailed review of pressure

release d'isturbance which is the subject of th js thes'is.

2"2 Review of Process Disturbance

The amount of stress release disturbance ìnduced during retrieval

of sampìes depends ma'in'ly on the magnitude and nature of the stress

change, that 'is, on the reduct'ion and changes of the principal stress

system (K'irkpatrick et a.ì.1986; Graham and Lau 19BB). Therefore, the

problem of stress release d'isturbance is seen not onìy in the offshore

geotechnica'l 'industry but jn onshore sampling and testing as well.

Th'is sectìon reviews research on the effects of stress release on both

onshore and offshore so i I s .

Removal of a test specimen from its in-s'itu envi ronment w'il I
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inevjtably cause the confining pressures to be released. There are

two processes which lead to this pressure release. F.irst, when the

sampf ing tube ís pushed into the ciay, there is shear distortion
produced around the outsjde surface of the specìmen. Th'is produces a

thin shell of remoulded clay whjch will readjly compress, allowing the

rest of the s ampl e to experì ence I ateral expans ì on. As a result ,

there is a reduction in the effect'ive stresses 'inside the samp'le

(Graham and Lau 1988) . secondly, the total stresses acting on the

sample are reduced to zero when the sample js extruded from the

sampling tube for either visual class'ification and geo'logica'l test.ing

on board the ship (de Ruiter r976; young et al.1983) or during

instal lation of the specimen ìnto a triax'ial apparatus i'n the

laboratory (Graham and Lau 19SB).

I n al I cases , the reducti on of the total conf .in-ing stresses

causes the specìmen to attempt to swel l, and negatìve porewater

pressures or suction pressure wil I be 'introduced into the pore

structure of the c'lay. If the sample has free access to water, in

what'is known as a "drained storage" condjt'ion, the negat'ive porewater

pressures wi'l I relax with time and eventual ly go to zero (Feng and

Lui 1986). This relaxation of the negative porewater pressures is

dependent mainly on the permeabi'l'ity of the c'ìay. The other extreme

of the dra'inage cond'itions is when the sample ìs subjected to a stress

release and storage period w'ith no access to water. That is, the

spec'imen is subjected to an "undrained storage" condition. It has

been found in th'is case as wel I that the negat'ive porewater pressure
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will often relax with time (Graham et al.1987). The reasons for the

relaxat'ion of negatìve porewater pressures appear to be djfferent for
the two cases. I n the drai ned case, the suction i n the sampl e w.i l l
decrease due to ìntake of water into the sample. In the undrained

case' where no water is available to enter the sample and al lev.iate

the suction, it has been postulated that the relaxation may be due to
slow changes ìn the microstructure of the clay (Kìrkpatrìck and

Khan 19B4; Graham et al.19g7). However, Graham et al. also suggested

that the relaxatjon of the suct'ion may ìn part be due to diffusion of
water through the sample membrane or around various seals whjle the

spec'imen ìs in the trìax'ial apparatus. This is not then tru'ly an

undrained case. K'irkpatrìck and Khan (19g4) atso noted that the

amount of relaxation for a given time perìod was larger fon a more

permeable c'lay.

Durìng unloading, the total stress system actìng on the sample is
reduced to zero. As a result of,the effective stress pr.incipìe, the

value of the effective mean stress, p' after samplìng is therefore
equa'l in magn'itude but opposite in s'ign to the negative porewater

pressure generated (that is p,= p-u, with p=0). It was once commonly

bel ieved that "perfect samples" held their in-situ p, values constant

after experiencing a stress release by generatìng negative porewater

pressures, where the term "perfect sample,' was defined by Ladd and

Lambe (i963) as one which is subjected only to the disturbance

associated with the release of the in-situ shear stresses alone.

However, this has been char renged by several researchers. Both Ladd
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and Lambe (1963) and skempton and sowa (1963) reported decreases of

20% in p' after "perfect sampììng" from test data on normal ly

consolidated clay. l'4ore recenily, Lau (19g6) found p' to decrease as

much as 15% after the release of the ìn-s'itu stresses, a'lso from tests
on normal ìy consol'idated c'lay.

In the general case, the 'in-situ stress state of a specìmen

before sampììng is anisotropic, that is, o,)*rÅ. The stress rerease

associated with sampl i ng causes the stress system to qci to an

ìsotropic state, that is oi = oÅ = -u (Skempton and Sowa 196i; Ladd

and Bailey r96t4; Kulkarni 19g3; Graham et al.19g7). Ladd and

Lambe (196i) presented the for rowing equation to determine the
res'idua'ì isotropic effect'ive stress, ooi after perfect samplìng for
normally and'l'ighily overconsolidated cìays:

opÅ=ouó[Ko*Au(1-Ko)] z.I
where ouó =.in-situ vertical effective stress

Ko = at rest raterar coeffic'ient of earth pressure

A, = undrained pore pressure coeff.icient

= ,- oh .Z.zõi-%
If the swellìng of the samp'ìe is pure'ly ìsotropìc and elastic in
nature then A, wourd ne o.¡ãà (skempton and Sowa 196à) and o^l wourd' ps
equal the 'in-situ p' value. Reconsolidat'ing the sampre to its in-situ
effective stresses would then return the sample to'its jn-sjtu water

content and soil fab.ic structure (coatsworth 19g6).

A number of researchers have used this equation to analyse stress
release data (for example, Noorany and Seed 196s; 0kumura 1977; Graham
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and Lau 1988). Most values of Au reported in the literature dìffer
sign.ificantly from 0.333 (for exampìe, Ladd and Lambe 196à reported A,

values of -0.1 to 0.2 for a normally consolidated silty cìay).

However, in the earl'ierinvest'igat'ions of this cont'inu'ing research

project at the university of lulanitoba, Kwok (1984) and Lau (i986)

reported average values of A, of 0.37 and 0.42 for illìte clay with

0cR=2. Also, Ladd and Lambe (196i) reported an Au value of 0.à tol^ a

heavily overconsol idated plastic clay. This suggests only smal I

deviations from ìsotropic elast'ic material behaviour.

proposed that the deviat'ions from'isotrop'ic elast'ic behaviour observed

in his test'ing program may be due in part to an anìsotrop.ic elastic
response of the soil material (Graham and Houisby 1983).

In the investigatìon described in this thes'is, the'in-situ stress

state pr.ior to the release of the confjn'ing pressure'is'isotropìc for
the reasons outljned in section 1.1. Equat.ion 2.1 proposed by Ladd

and Lambe (1963) wil I therefore not apply sìnce the varìabl. A, is
valjd for unloading of shear stress only, which does not exist ìn the

samples tested'in this project prior to the un'loading stage. The

principal point to be remembered however, is that swel i ing that
accompanies unloading should be primari'ìy an elastic response with

I ittle plastic straìning occurr.ing.

skempton and sowa ( 19 6à ) determì ned from an exper.imental
'investjgatìon that a stress release wjl I not s'ignìf icangy affect the

undrained shear strength provìded the water content is not changed and

the assoc'iated strains 'in the m'icrostructure of the clay are smal I.

Lau (1986)
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Smal I strains of this nature would normal iy be associated with

"elast'ic" straìns. According to coatsworth (19g6), a 'laboratory

procedure of reconsolidating a sample to its in-situ stress state

would therefore return the sampìe to jts jn-situ water content and

fabric structure. A subsequent undra'ined shear test would then g.ive

strengths representatjve of the actual values in the ground.

Reconsolidation of a samp'le to jts in-sjtu stress state has been found

to successful ly reproduce the i n-situ undrajned shear strength by a

number of researchers, 'inc'lud'ing Kirkpatrìck and Khan (igel), Graham

et al . (1987), K'irkpatrick et a'l . (1986), and Graham and Lau (1988).

To be successful in recoverìng the in-s'itu strengths, a

qual itative anaìysis of the amount of d'isturbance induced in the

sampl e must fi rst be mad e i n order to choose the correct

reconsol'idation procedure and th'is wil I be discussed .in Section 2.4.

There are three main factors which dictate the amount of stress

release disturbance introduced'into a sampìe durìng samplìng. The

first two are thought by K'irkpatrick et at. liseo) to be the most

signìf icant factors affecting the amount of disturbance in saturated

soils. The first is the amount of reduction 'in the effective mean

stress. They found that the h ìgher the reductj on i n the ì n-s itu p, ,

the more pronounced the stress release effects will be. The second

sìgnìfjcant variable js the degree of change jn the prìnc.ipa1 stress

system, which can be expressed by the change in the effectìve stress

ratio, oi / ol. The change from in-situ anisotrop.ic stresses to an

isotropic stress f ield w'il I cause some rearrangement of the c'lay
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microstructure (Graham and Lau 19BB). Thìs wil I change the

stress-strajn response of the clay during subsequent strength testing.

The last major cause of sample disturbance from pressure release

'is related to the amount of gas present'in the pore structure of the

clay. For sampìes recovered from large depths below the ocean surface

where the total confinìng pressure is very hìgh, thjs can be the most

'influentjal element in determ'inìng the amount of d'isturbance.

Recovered samp'les which contain a large amount of gas in the pore

structure of the c'lay have been observed to expand from both ends of

the sampling tube. Also, large gaps along the length of the core and

the odor of gas are frequent'ly observed (Mciver rg74). In many cases,

the samples are damaged so badìy that they can not be transferred to a

triaxi al cel I f or strength test'ing ì n an j ntact form.

Z.i gassy Sediments

The research testìng reported in the later sectìons of this

thesis deals only wìth saturated so'ils. As part of the overal I

project in the unìversity of l'lanitoba, however, the author i,las

requìred to rev'iew the current understanding of gassy soil behaviour

for possible future work. This work 'is placed on record in the

follow'ing sect'ion.

The primary gases found jn the 'interstjtjar water of marine

sediments are methane cHo, nitrogen Ni, and carbon dioxjde c0z, with

other gases such as oxygen 0,, ammon'ia NH' hydrogen sulfide Hrs, and
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ethane czïa being found 'in spec'ific locations (úaplan 1974,

I{cIver r974, and chace 1985). These gases are found prìmarìly as free

gas bubbles or dissolved in the interstitìal water, but can occur as

solid gas hydrates if the pressure ìs hìgh and the temperature ìs low

(Chace 1985).

Gas hydrates or clathrate hydrates are solid compounds resemblìng

snow or low density ice 'in appearance that can exist well above the

ice formation poìnt (Hand et al. 1984; Hitchon r974). They are

compounds in which water forms a crysta'ì I att'ice structure conta'ining

voids that can incorporate guest molecules such as methane

(11'iller r974). Hitchon (r974) believes that naturat gas hydrates in

sedimentary basins ane most likely formed through a reductjon -in

temperature and not necessarily an 'increase 'in pressure. Therefore,

they are most l'ikely to ex'ist'in areas of extens'ive and relative'ly

thick cont'inuous permafrost. There is current'ìy no conclusive method

available for verifying the ex'istence of gas hydrates 'in-situ

(stol 1 rg7 4; Hitchon rg7 4). However, Bryan (rg7 4) stated that

unusua'l1y high se'ism'ic velocities jn gas rich sediments suggest the

possìble existence of gas hydrates.

It is believed that there are four ma'in sources of the natural

gases found jn marine soìls (Kaplan 1974). The fjrst is from the

atmosphere 'in wh'ich gases in'itiaì ly dissolved at the water surf ace

make their way downward into the seabed. 0xygen and carbon dioxide

are the maì n atmospheri c gases that can be di ssol ved j nto the

seawater. However, it is believed that this source accounts for only
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a small amount of the total 0, and C0, present. The second and most

ìmportant process for gas generat'ion is m'icrobiologica'ì degradation of

organ'ic matter within the seabed. The dom'inant gases formed from this

source are nìtrogen and methane. Methane 'i s the most abundant gas

found throughout the world in marine soils and commonly comprises

80 - i00 % of the gases present. Thermocatalytic degradat'ion of

organic matter deep 'in the ocean bed js the third process jn gas

production. small amounts of both cHo and crHu can be formed. The

ìast major source of gases jn marine soils js from submarine volcanic

or geothermaì processes. The major gas produced is c0, but cHi, Hi,
Nt, and HrS can also be produced and make their way up 'into seabed

so'ils depending on the depth and type of the igneous source.

The amount of gas measured in recovered samples has been found to

vary greatly (McIver r974). when the sample is being raìsed to the

shìp, stress release occurs and gas can come out of solution. Thjs

has been evidenced by the presence of gas odor as the sampling tubes

are opened and by the presence of large gaps a'long the length of the

core caused by expandìng gas. By the time the samples are sealed for
gas measurement, â large amount of gas has often escaped.

reports that this'is one of the reasons why the amount of gas measured

in a recovered core'is usually weìl below the theoretical amount that

cou I d be dj ssol ved i n the pore water.

The amount and state of gas present in the pore structure of a

soil depends on the avaìlab'i1ity of that part'icular gas and its
cond'itjons of pressure and temperature. Based on jdeal gas 1aws, the

l'lcI ver



theoretical amounts of free and

the gas laws of Boyle, Charìes,

that at a constant temperature,

proportional to the pressure, p

Therefore, the higher the pressure, the smaller the volume that the

gas wil I occupy for a given temperature. charles's Law states that

the volume of a gjven quantity of gas j s di recily proportional to the

absolute temperature, T ('K) for a constant pressure, or

V a T ..,...2.4
As the temperature reduces, the volume that a given mass of gas will
occupy also decreases. Henry's law relates the equ'il'ibrium amount of

gas d'issolved jn the pore flu'id to pressure. It states that the

equil ibrium solub'i'lity of a gas, cg in any solvent js directìy
proportional to the pressure of that gas, pg over the solvent. The

proport'ional'ity constant, k is cal led Henry's constant and depends on

the type of gas and solvent and the temperature of the system.

Henry's Law is written as

Va1/p
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dissolved gas can be calculated using

Henry , and Fi ck . Boy I e' s Law states

the volume of a gas, V 'is ìnversely

acting on that gas, or

F'ina11y, Fick's Law relates the mass flow

medium to the pressure djfferential acting

cg=koPg

uu=-Do(ôp/ðy)

where va = mass flow rate of the gas

D = transmission constant with the same un.its as

permeabì 1 ity

rate of gas through

on that gas, or

.2.5

a soil

.2.6



Th'is equation appì'ies to the rate at which the gas goes jnto solut'ion

jn the pore fluid of the soil structure.

If a soil has a relat'ively ìarge amount of gas dissorved in the

pore fluid, and 'if the presence of the gas has a dominat'ing ìnfluence

on the I oadi ng or un I oad i ng behavi our of the so'i1 , then the so.il i s

defined as a gassy so'il (Sobkowicz and I,lorgenstern 19a+, toez¡.

F'ig. 2.r " reproduced f rom Sobkow'icz and Morgenstern (19g4) , shows the

typical ìsotrop'ic unloading behaviour of the three recognjzed classes

of so'il, that ìs saturated, unsaturated, and gassy soils. Inìt.iaì1y,

all three soil types follow the same unloadìng path when the porewater

pressure is greater than the liquìd to gas saturatìon pressure, u1/g,

(see curve I Fig. 2.1) where u 1/g is defìned as the value of the

mjnimum fluid pressure where a gìven volume of gas 'is completely

dissolved in the porefluid. its value depends on the volume of gas

and the temperature and type of the gas and poref]uid system. Dur-ing

this stage, Skempton's pore pressure coeff jc'ient, B = a u /a o 'is equal

to 1.0. 0nly at pressures I ess than ul/g .un free gas ex'i st. The

behavjour of each so'il type changes as the porewater pressure is
lowered below ,1/g.

Consjder first, saturated soil. This is soil in whjch the entire

volume of the vo'id space is occupìed by a flu'id, in th'is case water,

and there'is no free gas present at any value of pressure above the

cavjtat'ion po'int of the flujd. The unloading curve continues at

B = 1.0 for porewater pressures less than u.,rn (curve LN). For fine

p = absolute gas pressure

16
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grai ned saturated so'i'l , the pores are smal 1 enough to sustai n h.igh

porewater tens'ions due to the attract'ive fonces between the water

molecules and clay partjcles and from any capì1 lary forces developed.

Therefore, there wilì be no cav'itatjon of the pore water. The value

of the effective stress'is kept constant throughout the unìoad.ing.

The porewater pressure of coarse graìned soil does not decrease below

approximately -100 kPa whjch 'is thought to be pressure at rvhich

cavitation of water takes p'lace (Sobkowicz and Morgenstern 1984). The

pore size 'is too 'large to develop h'igh attractive or capil lary forces

and no further decrease in porewater pressure can be sustained (curve

LM). (From a review and anaìysis of all ava'ilable data to that time,

Temperly and chambers (1946) beì ieved that the tension pressure at

which cavitation takes place jn the water medjum jtself js jn the

order of 40 atm. The 1 atm. value quoted by Sobkowicz and

Morgenstern (1984) may be the pressure at which the water molecules

"pul'ì" away from the soil part'icle boundaries and the subsequent low

pressure voids w'il I f il I with water vapor. The value of th js ',pu'll

away" pressure ìs dependent on the adhes.ion force developed between

the water molecule and the soil particìes (Knapp et. al. 1970). This
js also cavìtation, by definit'ion, since water vapor wili be formed jn

the cavìty created as the water molecules pul I away from the soil
partìc1es. )

Next, consider an unsaturated soil

only a small amount of free gas present

soil. 0nce the ponewater pressure goes

, which'is one where there js

in the pore structure of the

below u1/g, the relatively
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smal I amount of gas wh'ich was in'it'ial ly completely di solved jn the

pore f1uìd wjll begin to exsolve. The porewater pressure wi'll continue

to decrease as the unload'ing contjnues but the rate at which t't does

so will be lower than the rate at wh'ich the total ìsotropic stress

decreases, that ìs g- < 1.0 (see curve K Fìg . z.r). The effective

stress rv'il I always be pos"itive, and w'i'lì never reach zero.

F'inal1y, consjder the behav'iour of gassy soil, where there is a

'large amount of gas present. 0nce the porewater pressure becomes

equa'l to u.t/g, the'large amount of gas that was dissolved in the pore

fluid begins to exsolve at a very fast rate. From curve J, Fig. z,!,
'it can be observed that the porewater pressure of the soil remajns

rel at'ive'ly constant for a considerable change in total stress.

Therefore, the effectjve stress deo^eases at approxjmately the same

rate as the total stress. At some point, the effective stress will
reach zero, but the porewater pressure and the total stress will both

be greater than zero, and equal to each other. The amount of gas

present in the free and dissolved state will then follow the laws of

Henry, Boyle and charles. with a large amount of gas exso'lv.ing at

very fast rates, the dymanics of the ventìng of the gas can cause the

so'il fabric to be complet'ly d'isrupted. Triaxìal test results will
have little practica'l meaning since the specìmen can be severe'ìy

damaged or destroyed. I,l'ide variati ons j n the dens ity of retrieved

marine cores are commonly observed in actual sampì-ing operat.ions, and

one cause of this js the effervescence (or initìation) and subsequent

expansion of gas bubbles (Chace 19Bb). Th i s causes the res idual
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effective pressure, opl to be greaily reduced from the in-situ
effective stress (0kumura and Matsumoto lggi).

The formation of gas bubbles and their subsequent expansìon can

cause severe damage to a samp'le after retrjeval. The offshore

geotechn'ical test'ing ìndustry cons'iders thjs an extreme problem of

pressure release disturbance. This, aìong with a number of other

experimenta'l problems must be overcome to achieve high qual'ity testing

of gassy soils. The primary goal of the laboratory testìng described

in th'is thesis is restricted to examìning the pressure release

djsturbance of a fine gra'ined saturated soil with isotropic un'loadìng

behavìour sim'ilar to that of curve ILN .in F-ig. Z-I.

2.4 Recovering In-s'itu Undrained Shear Strenqth

Ladd and Ba'iìey (1964) stated that the strengths of tube samples

measured from unconsol'idated undrained triaxial compress'ion tests (UU

tests) are often apprecìably less than those of "perfect samp'ìes,'.

This can lead to over-desìgn of geotechnica'l structures. Improved

techniques are therefore needed. It js commonly bel ieved that

consol idated undra'ined (CU) tests gìve ìmproved results and the

strengths determ'ined are more representative of the in-ground

strengths. However, the costs of thìs test are appreciabìy more.

currentl y , there are two establ i shed and apparentl y I ogi cal methods

for consol idat'ing disturbed samples that are to be used for measuring

undrai ned shear strengths. These are the Bjerrum method and the



SHANSEP method (Coatsworth 1986).

The so-called Bjerrum method (Bjerrum 1974) is one in whjch the

spec'imen is reconsol jdated to 'its ìn-situ effective stress state. Any

loss of suction (decrease in p') that the sampìe underwent durìng jts

retrieval and storage is corrected. If the swel lìng durìng the stress

release 'is of an elastic nature, then the consolidation wil I return

the sample to'its jn-s'itu water content and soil fabrìc. Thìs method

is best suited for samples which have undergone low to moderate

amounts of disturbance. Researchers who have found th'is method to

accurately represent the in-sjtu behavour jnclude Kirkpatrìck et

al. (1986) and Graham and Lau (1988).

The SHANSEP method i s based on the f i nd.i ngs of Ladd and

Foott (1974) that laboratory tests on specimens with the same 0CR but

different preconsolidatìon pressures, ouå exhibit similar strength and

stress-strain characteristics rvhen normal ized with respect to ouå.

The method 'involves consol idat'ing the sample under its .in-s.itu K0n.

value to stresses greater than the in-situ oui. The sampìe w.ii I then

become normally consof idated (NC) and the effects of disturbance will
be somewhat alleviated. To obtajn overconsolidated (0c) specimens, NC

specimens are offloaded and allowed to swell until the des'ired 0CR is
reached. The specimens are then tested i n undrained shear and the

results for each partjcular specimen are normal ized with respect to

their specific ou.. For a particular 0cR vaìue, clays wh.ich exhibjt
normal ized behaviour wil I yie'ìd at a constant value of .r/ouå

(Coatsworth 1986). This method works wel I for NC so'ils which exh-ib.it

20
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normal'ized behaviour. However, 'increased overconsol'idation as a

result of agìng w'i'lì not be represented ìn this type of test. Any

bonded structure associated with the agìng process wi'lì be broken as

the consol idation pressures surpass the in-situ oui. Th.is wìl I cause

a reduced stjffness (l,,lorì 1981) and an underestìmate of

( Coatsworth 1986 ) .

The in-situ stress state in many clays is general 1y anisotropÍc.

Both the methods previously ment'ioned requ'ire anisotrop.ic

reconsol idat'ion of specìmens. However, many commercjal I aboratories

do not have the required equìpment or technical abìlity to perform

an'isotropic consol idation. Therefore, it is general ly desjrable to
use ìsotropic consol'idat'ion procedures to represent anìsotropic

in-situ behaviour. There are a number of researchers who have

invest'igated a varìety of isotrop'ic consol idat'ion procedures of

samp'les. Both Kwok (i984) and Lau (i986) were relatìve1y successful

in recovering the in-s'itu c,, of remourded samp'ìes which r,,lere
U

orig'ina'l ly consol idated

reconsolidating the samp'les isotropìca'l1y to 0.6 times the effective

vertjcal stress, oi. Also, Henkel (igoo) found from tests on

remoulded cl ay that specimens anisotrop'ical ly consol idated wìl I fol low

a similar effective stress path durìng undrained compression as that

of specimens consolidated isotropjcally to the same moisture content.

coatsworth (1986) presented a method wh'ich makes it possìbìe to
determine the isotropic consoljdatjon pressure requjred to brìng the

specimen to the same water content as that wh'ich would be achieved by

c
u

anìsotropically, (Ko = o.sã¡, by
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anisotrop'ic Ko consol idation. He also proposed a method to use

isotrop'ic swelììng to represent anisotropìc swelìing during offìoadìng

to produce overconsolidated specimens. This offers advantages ìn the

commercial testing industry.

However, these procedures onry provide good measurements of

undrained shear strengths in certain instances of overconsol.idation

ratjos, stress ìeve'ls, and amounts of dìsturbance, and are not

genenal ìy successful. Moreover, they are not usual ly successful in
recovering strain-dependent behaviour, ref'lected -in such things as

porewater pressure parameters and deformation moduli. Therefore, the

effective stress paths that the specìmens would follow during shear

testing may not be the same as those that the c'lay would observe ìn
the field load'ing appì'icatjon. Close examìnation of the literature
showed that prev'ious projects al I had conceptual, experimental, or

interpretive defic'iencies applìcabre to specìfic conditions. No

coherent, rational, and carefulìy researched method appeared to exist
to gujde the selection of a reconsol idation procedure to successfu'l ìy

recover the in-s'itu loading behaviour for a general soil case. The

following chapters present results that prov'ide solidly researched

guìdance for commercjal users who are testìng clays wjth low

permeabìlities and moderate pressure r"elease disturbance.



3.1 Introduction

The test'ing program described in th'is thes'is was desìgned to

extend the test conditions examined in earl jer research programs by

Kwok (1984) and Lau (1986 ) on the stress release d'i sturbance of

I ightly overconsol idated simulated offshore sampìes. It was shown in

chapter 1 that these earlier programs have been subjected to some

critjcism because they used a constant value of iO = oÅ i oi = 0.b3

Chapter 3 - Testing Program

for both the normal 1y consol idated and

specimens. Naturaì'lightly overconsolidated c'lays have K0o.r K0n.

(Mayne and Ku'lhaway 19Bi and Kirkpatrìck et a'l .1986).

The spec'imens tested ìn the project were formed with oi = 160 kpa

wìth KOn. = 0.53, and then offloaded to ol = oå = 80 kpa produc.ing an

overconsolidated c'lay specimen with OCR = i.O and KOo. = 1.0. These

specimens can be expected to more correctly represent the behavjor of

f iqhtìy overconsol idated clay than those tested 'in the previous

programs .

Test samples were created by removì ng stresses from spec'if ìca'ìly

prepared trìaxial specimens of clay while st'il I in the cel l. These

samp'les were then al lowed to s'it under near-zero stresses for various

perìods of "storage" time before reconsol idatìon and undrained

shearìng. Samples have been tested w'ith both total ìy free and total'ly

restricted access to draìnage durìng the storage period. Th.is project

23
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has also used the same storage times as in the previous work, name'ly

15 mifl., 1 day and 7 days.

Fig. 3.1 shows the equivalent f ield conditions of the .in-situ

stress states that were chosen for th'is project. The major.ity of the

tests were conducted on spec'imens with an in-situ stress state of:

Vertical effective stress, oi. = B0 kpa

0verconsol idation Ratio, 0CR = 2,0

Coefficient of lateral earth pressure, K0oc = 1.0

Porewater pressure, u = b00 kpa.

with ful I saturation. In additìon, a sma'l I number of samples were

attempted to be consolidated to an in-situ stress state of:

i = 400 kPa

OCR = 2.0

KOo. = 1.0

u = 2000 kPa

to 'initiate a new technology in the university of l'lanjtoba

geotechnical laboratories to sìmulate sampling jn deeper water.

However, equìpment probìems and time constraints were encountered and

the tests performed were not as extens'ive as was desired. Th.is high

pressure test'ing wi.lì be reported briefly ìn Append.ix A.

The sojl used in this program is an il l'itic c'lay obtained in 1982

from Grundy County, Illinois for use'in the earlier research projects

by Kwok (1984), Ambrosìe (198s), and Lau (1986). A new series of

standard classif ication tests were performed on the ciay with the

results shown ìn Table 3.1. The spec'ifìc gravity and liquid and



is
plastic I jmjts were found to be 2.74, 62,s, and zg.g, respect'ively.

It can be observed from the table that although the specific grav.ity

value was fair'ly close to that of the earlier jnvestigations, the

liquid and p'lastic lim'its have increased almost monoton'ical ly wìth

t'ime. It ìs believed that this is due to an alteratìon in the

chem'ical composit'ion of the clay, probably due to oxidation. (It was

observed by Dr. J. Graham

program - that the c'lay had changed color from its originai bìue-grey

to a brown-grey, part'icularly during the current investìgatìon (pers.

comm. ) ). since the clay used 'in the present study has been sìightìy

altered from that of the earlier projects, care must be taken when

comparìng the test results between the various programs. Additional
'indications of chemical changes in the c'lay wil l be discussed -in the

following text as they arose during the test'ing and subsequent

anal ys ì s.

the advi ser of the overal I research

3"2 Samp'le Preparation and Test procedures

The reconstituted sampl es used i n thi s seri es of tests were cut

from a large "cake" of soil. This cake was formed by initiaì ly
preparing a slurry mixture with a water content (w) of rz0% (about

2*w1) and then consol idating 'it one dimens jonal ìy 'in a ì arge d'iameter

cell (Ø=254 nn) to oi = 70 kpa. The cake was then extruded fro¡n the

cel I and three 76 mm di ameter triax'ial spec'imens were tr jmmed for
p'ìacement 'into triaxial cells. The procedures for forming and
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trimming the specimens are the same as those used by Kwok (198i),

Ambros'ie (1985), and Lau (1986). Detaìled description of these

processes wil I therefore not be repeated here. Ful I details were

g'iven by Lau (1986).

0nce the spec'imens had been installed in the triaxial cells, the

stresses were changed incrementa'l1y to the consol idat'ion in-situ

stresses that were requìred. Control spec'imens were then tested

immedìately'in undra'ined shearo while samples r^lere subjected to

unloading, storage, and reconsolidatjon procedures before shearÍng. A

br.ief descr jpt'ion of these unloadi ng, storage, and reconsol idat-ion

steps wììl be given ìn section J.3, and the reader can refer to Lau

(1986) for further deta'ils. The procedures used at thjs stage have

largeìy dupìicated those used in earlier projects. The only

exceptìons involved the stress system at the end of triaxial
consol idation and the use of back-pressure during consol'idat'ion.

These two d'ifferent procedures wil I be described ìn detail in the

follow'ing sectìons.

3.2.1 Triaxìal Consol idation

as was used 'in the earl'ier research. That i s, each

The initjal stage of triaxial consolidatjon is the same process

subjected to anìsotrop'ic consol idation (K0 = 0.5i) ,

vert'ical stress of oi = 50 kPa. The specimens were

hour periods between success'ive load 'increments. 
A

specìmen was

w'ith a first
I oaded wi th 24

I oad increment
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ratjo of 1.15 was used until a final vertjcal stress of oi = 160 kpa

was achieved. The specìmens were then offloaded to produce

overconsol'idatjon. l'layne and Kuìhaway (19g2) and Kìrkpatr.ick et al

(1986) indjcated that after offloading to produce a specìmen wjth

0cR = à.0, tt'r. Ko value approaches 1.0 from its normal consol.idation

value of 0.53. The testìng performed'in the project described here

deviates from the prevìous work at the university of i'4an-itoba by

chang'ing Koo. from o.sà to 1.0 durìng this overconsolidation stage.

The specimens were then allowed to s'it for a 4 day period to allow

stabil izat'ion of the clay interparticle contacts and the porewater

pressure before further testìng. Th'is is also consistent wìth the

earl 'ier projects. |',leasurements of height and volume change were

recorded throughout the consol idat'ion process so that sample

d'imensions could be calculated at any time.

3.2"i Back Pressurinq

For low values of back-pressure (or porewater pressure), there .is

little change caused to the soil structure that can be d.irectly

attributed to the use of back pressure (Bishop and Henkel 1962). In
relat'ive'ly 1ow pressure triax'ial testing, say to 1l'1pa, the pr.imary

functìon of back-pressure applìcat'ion is to djssolve any free gas

present'in the sample into jts pore flu'id. This ìmproves the

rel'iabi 1 ìty of porewater pressure measurements. I n the previ ous

programs, aì1 specimens were consolìdated with atmospheric pressure in
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the drainage leads. Any air expeì'led from the samples during

consol idation was flushed away from the pedestal and its volume

measured. After consol'idation was compìete, a back-pressure of

500 kPa was appìied for one day to simulate the porewater pressures in

the field. At the beginning of this new project, ìt was desjred to
have each samp'le subjected to back-pressure during the ent.ire

consol'idat'ion stage. This would elìmìnate the risk of losing precise

volume control while attemptìng to remove any expelled air. Aìso, the

effect'ive stress state of the sample can be slighily altered during

the applicat'ion of the back-pressure. The one day time perìod may not

be long enough to allow the sample to return to a "steady,'state where

very little volume change is occurring. The first five specìmens were

back pressured in the same way as in the previous research. The

remaining 11 specimens were subjected to iOo kPa of back pressure for
the entjre consolidatìon stage. l,ihen consolidation was complete, the

back-pressure was increased to 500 kpa for one day as before. Both

processes gave good saturation values (E > 0.gg). Two control tests

".r., 
performed w'ith 500 kpa back-pressure dur-ing the entire

consolidation phase to check that the magnìtude of the back-pressure

did not affect the results.

3"3 Design of the Current Test program

As in the previous projects, the purpose of the work was to study

stress release d'isturbance alone without the mechanical disturbance
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that usualiy accompanies sampling. As explained by Graham and

Lau (1988), the use of reconstituted samp'les js therefore necessary .if

"samplìng" effects independent of mechanjcal disturbance are to be

identified. Thìs program is completely consistent with the previous

research except that the value of K0o. durìng the overconsolidat.ion

stage has been changed. The object'ive 'is to compare the undrained

shear behavior of simulated sampìes which have experienced stress

release, with the behav'ior of jn-situ contro'l specimens, which have

not experienced this stress release. The samp'les were subjected to

the three separate processes of unìoading, storage and reconsolidation

after triaxial consolìdat'ion, whjch model field sampling and storage

prior to testing. These three processes wil ì be briefìy explained jn

the follow'ing paragraphs. The reader is refered to Lau (19s6) for a

more deta'iled descriptìon.

As explained in chapter 1, when a samp'le is l.ifted from its
marine environment for laboratory testìng, the total confining

pressure ìs reduced to zero. This stress release has been modelled in

the laboratory by reducing the consolidation stresses on a

reconstituted "sample" wìth the dra'inage Ieads cIosed. l,lith K0o. =

1.0 in this project, the un'loading is pureìy .isotropìc. 
Th.is

contrasts wìth the earl'ier projects in whj.h K0o. = 0.b3 and shear

unloading was required. The resu'ltìng porewater pressure changes have

been measured w'ith pressure transducers mounted on the cell base.

The samp'les were then al lowed to s'it for three diff erent tìme

periods with either total ìy free or total ly restricted access to
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drainage. Th'is simulates the outer bounds of the poss'ib'le drainage

conditions during actual storage of real samples prìor to iaboratory

triaxial testìng. These are the same draìnage conditions jnvestigated

in the earlìer projects, so d'irect comparisons can be made with the

earl ier results. Aì so, the same storage times as i n the previ ous

projects r,lere again investigated, that is 15 min., 1 day, and 7 days.

Emphas'is was p'laced on the 15 min. and 7 day times since these produce

the upper and lower bounds of the differing shear behav'ior.

Laboratory reconsoljdatìon procedures have been invest'igated for
recoverìng the ìn-situ strength of the control spec.imens from the

samples usìng consolidated undra'ined trjax'ial tests. Three different
reconsol idatjon procedures were used cons'istent with the earl ier
research, that i s i sotropic reconsol idation to 0.6 and 1.0 tjmes the
jn-s'itu vert'ical effect'ive stress, ou' and an'isotropic reconsolidation

to 1.00u' with Ko = 0.b3. Back-pressure of 200 kpa was used

throughout the reconsol idat jon process. The 'isotropic reconsol'idat jon

pressures were'increased in one step to the des.ired values. In the

case of the anisotropically reconsol'idated samples, the vertjcal load

was app'lied one day later to al low some stabil jzat'ion of the porewater

pressures generated in the sampìes, (Graham and Lau 19Bg). After a ã

to 4 day period when the porewater pressure changes had d.issipated,

the samples were then sheared undrajned.

It ìs apprec'iated that the I imited number of tests performed 'in

this program severly limits the statistìcal value of the conclusjons

lhat can be drawn. However, in consultation with his advìsors Dr. J.
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each of the control I ed set

appreciation of the important

decided to perform

of variables so

variables could be

onl y one
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obtained.
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4"1 Introduction

Chapter 4 - Consolidation" Unloading, Storage.

As outlined in chapter 3, a slurry mjxture of il ritic clay was

consol'idated one dimensionally ìn a large cy1ìnder to form a "cake" of

reconst'ituted soil. From each cake, three specimens could be trimmed

and Reconsolidation Results

for triaxial testing. A total of 7

present program. 0f the poss'ible 21 specìmens, onl y 17 were pìaced

in triaxial cel ls, with 2 of these be'ing part of the experìmenta'l high

pressure testing. In addit'ion, one triaxial specimen (the first) was

prepared from a slurry m'ixture consol'idated in a smaller cyl.inder.

Each specimen was consolidated in triaxìal compression as outljned in

section 3.2. Five of the specimens were used as jn-s'itu control

specìmens and subjected to undrained shearing 'immed'iately after

consol idation. The remaìning 13 were subjected to unload.ing and

various storage and reconsolidat'ion processes. 0ne control specimen

and one iow pressure sampìe were damaged during the triax'ial portion

of their tests and their results were cons'idered questionable. These

tests were therefore repeated. The data collected from these low

pressure specìmens as wel I as the results of the other 14 spec.imens

wjll be discussed in th'îs chapter. The results of the high pressure

test'ing w'iìl be discussed separateìy in Appendix A.
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4.ã Consolidation

There are two stages of consolidation in preparing specìmens for
shear testìng. The first is one dimensional consolidatjon of the

s'lurry mixture in cylinders, and the second is consolidation under

almost Ko-conditìons in triaxjal cel ls. The results of each wil I be

dìscussed in th'is section.

q .i "t Sìurry Consol idation

0ne d'imens'ional consolidation of clay in first-time loadìng is
commonly characterized by a straight lìne relationship between

log(pressure) versus compression expressed in terms of vo'ids ratio e,

water content w, specìfic volume v, or vertjcal strain €. The slope

of th'is straight line gives an jnd'ication to the compressibif ity of

the c'lay. In the prevìous programs of this research, Kwok (iggq),

Ambrosie (i985), and Lau (1986) chose to plot thìs compress.ibi'l-ity

during sìurry consol idat'ion in terms of the 'ìog(vertical eff ect.ive

stress oi) versus water content, w. However, they chose the cr.itical

state parameter "À" to define this compressibilìty. In classjcal

critical state soil mechanics, À ìs the slope of 'ìn(p,) versus voids

a,

ratjo where p' 'is the effectjve mean pressure, (oi * ?oà)/â.

desìgnated this s'lope for the slurry consol'idat'ion as "À1". The

author has chosen to adopt the same conventj ons to al I ow for
convenì ent comparisons.

Th ey
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The duration of the load jncrements was generalìy one day. Due

to this tjme constra'int, complete d'issjpatìon of excess porewater

pressures was not allowed during alì of the load jncrements in any of

the programs. Durìng the fjrst load 'increment, the "cakes" were

consol idated for a period of three days to al low for part'ia'l

dissìpatìon of porewater pressure build-up. Th'is procedure was

adopted by Lau (1986), but not Kwok (1984) or Ambros'ie (19gb). As in

al I the prev'ious projects, each "cake" was consol'idated durìng the

final load increment for a longer period until prìmary consolidat'ion

was comp'ìete. This al lows complete d jssipat'ion of al I excess

porewater pressures at the end of slurry consol idation.

Curves of w vs. f-og (oi) are shown in Fìgs.4.1a,b for the g

slurry consolidations that were done. The slope, À1, has been

measured through the one day consolidation vaiues, and the numerjcal

values are g'iven in Table 4.1. This is not the true Àr-value that

would result ìf complete dissìpation of excess porewater pressure was

al lowed durìng each load 'incnement (Kwok 1984). Howevelit stil I
g'ives an indication as to the compressib'ilìty of the c1ay. As can

been seen from Fìgs. 4.1a,b, the curves are not identica'1, aìthough

the sìopes are fairly consìstent.

It is bel'ieved that the di fferences i n these curves are due to
the'incomplete dissipation of the excess porewater pressure buìlt up

during successive load increments. For samp'les such as 1790-T792, .it

ìs believed that the excess porewater pressure during the earìy Ioad

ì ncrements di d not di ss i pate as qu ì ck 1 y as those 'i n say the sampl e
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T784-T786. In the f irst case, more of the 'initial'ly h.iqh excess

porewater pressures were carried overinto subsequent I oadi ng stages,

and the compressìons during these load increments were therefore

smal ler. It is important to note, however, that asìde from samples

T777 " fTgI and T792, the consolidat'ion pojnts after the ionger fìnal
load increment are all with:n ).99 % of each other. The locatìon of

th'is final consolidation point is the ma'in criterion for produc'ing

cons'istent "cakes" for subsequent testing, and it js considered less

important that the paths of the samples in w vs. Log ov shown jn

Figs.4.1a,b are not identicar jn this early stage of specimen

preparatìon. Sampl e T77I was not allowed to reach porewater pressure

equ'il ibrium during the f inal consol'idation stress because of

constraints in the management of the program. The final water

content shown in Tabl. q.t was therefore higher than that of the other

samp'ìes.

An average À1 value of 0.477 r0.06s (standard devìation) þ/as

observed in the present program. This 'is lower than equivalent values

found by Kwok (1984) and Ambrosje (198s), who found 0.621 and 0.6g9,

respectively, but close to the value found by Lau (19g6) whìch was

0.513. Lau thought that the differences between h.is À 1 value and

those f ound by Kwok and Ambros'ie cou I d be due to d.if f erent

consolidation techniques he used in the first ioad increment. The
'ìonger jnitial loadjng period of three days al lowed part of the

i njtial high porewater pressures to dì ss'ipate and the degree of

consolidatìon at the end of the first load increment would be greater
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than'in the case of Kwok or Ambrosìe. Therefore, less excess porewater

pressure was carrjed over into subsequent 'ìoading stages and the

resulting compressjons would be smal ler. Thìs would cause the Àl

value to be smal ler, that js the slope wourd be less steep. The

author used the same technìques as Lau and got closely sim.iiar

^ 1-va lues.

l,lhat is considered more important however, 'is the consistency of

the water content of each "cake" at the fìnal vertical stress. As

calculated from Tab'le 4.1, the average water content at ,,equil.ibr.ium,,

after l2-r4 days under the final load increment is s0.6 % lr.16 %

(excludìng "cake" T77r). The "cakes" are therefore alI close to the

same water content. Cl oser exam'ination of the water contents -in

Table 4.i shows that the water content at the end of slurry

consol idation increased almost monotonical ly as the program

progressed. This could be another indicat'ion of chem'ical changes

occurning in the clay w'ith time that were reflected jn the Atterberg

l'imit values, as discussed in section 3.1. In any event, the state of

each "cake" at the end of each slurry consol idation is fairly
consistent and the triaxìal samples trimmed for each test al I had

voids ratios that were very near each other.

4.?.i Triaxial Consolidation

After completion of

extruded and specimens were

siurry consol'idation,

carefu'lìy trimmed for

each "cake" was

instal lation and
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subsequent consol idation in triax'ial cel ls. The stress paths of each

specìmen during thjs consol'idation are shown in Figs. i .za-n, Þlotted
as specific volume, v versus I og(p') . (curves of samples rl76 and

T785 were not ìncluded due to inaccurate specific volume

measurements.) The crjtical state parameters, ".1.', and ,,K,, (w.ith

respect to voids ratio e versus ln(p')) are again used to character.ize

the sìopes of the virgin compressìon lines and the unload-reload

I 'i nes , respect i ve 1y.

Fìrst, consider the top portìon of the curves of Fìgs. q.ia-n

between p'= 50 and 70 kPa. Each specimen was offloaded at the end of

the slurry consol idation. Therefore, thìs initjal section of the

curves'is a reload ljne. The average slope of th.is line jn e-ln p,

space has been designated as "<1 " , ând was found to be 0. i1B r0.009

for the current project (see Tabìe 4.1). This js only about ú y"

h'igher than the "1 values of Kwok (19g4), Ambrosie (19g5), and

Lau (i986) who found 0.i0i,0.10s, and 0.10ã, respectìveìy. consider

next the straight l'ine portion of the curves in Fìgs. 4.za-n between

p'= 70 and 110 kPa. This'is a virgin compression ljne and its slope

in e-ln p'space has been desìgnated as "Ài". For this research

project, À, was found to be O.Zlt t0.0ii. Th.is compares very

favorably with the values of Kwok, Ambrosie, and Lau, who found 
^z

values of 0.226, 0.237 , and 0 .234, respect.ive'ly

Finally, consider the unloadíng line of F'igs. q.ia-n. The slope

of this l'ine in e-ln p' space 'is character.ized by ,,*t,,. From

Table 4.1, the average K2 was found to be o.ozo r0.006 for the current
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research. This can not be compared with the prev'ious values of 0.048,

0.050, and 0.047 found by Kwok, Ambrosìe, and Lau, respective'ly. The

reasons for th'is are as follows. First, consider the yield locus of

the cìay in normalized deviator stress, q/ouå u.nsus p'/orL space as

shown in Fig. 4.3 (from Graham and Lau 19gg). This yield enve'ìope was

determined in the prevìous projects on stress release djsturbance at

the un'iversìty of l',lanitoba using the same clay. The final stress

state of the specimens of the current project is shown jn the figure.

It 'is obv'ious that at the final state of p' = g0 kpa, Q = 0, and

0cR = 2.0 used in th'is project, the specimens have gone outsjde the

y'ie1d envelope defined by Graham and Lau (i9gB) for ouå = 160 kpa.

Therefore, these specìmens have yielded during offi oad.i ng and some

compressive p'lastic straìn'ing wil I have occurred al lowing very lit¡e
volumetrìc swellìng. Those of Kwok and Lau weñe subjected to pure'ly

elastic strajns durìng the offloading and no yielding would have

occurred. Th'is would be supported by an observation of the rc¡-value

for the present study bei ng I ess than that found -i n the earl i er

pnojects, which was found to be the case. Thjs unload lìne would not

technical ly be a pureìy elastjc un'road lìne, that ìs defjned as a

K2- lt ne.

second, it is ì'ike1y that the cray has anisotrop.ic elastic
propertìes (Lau 1986). Then accord'ing to wood and Graham (19g7), the

unload-reload region in v-ln p'space is not a line but rather a zone

sim'ilar to that shown shaded'in F'ig. 4.4. The lower edge of thìs

region corresponds to the yìeld locus of the c1ay. Each unload-reload
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region is defined by the current preconsol idatjon pressure, ovå and

'its shape is dictated by the anisotropic elast'ic properties of the

clay. Since the offload'ing of the spec'imens in the previous projects

was performed without y'ie1d'ing of the c'lay, the fjnal consolidat.ion

poìnts would al I l'ie within the yie'ld locus of the.ir specìfic

unload-reload regions in v vs. ln(p') space. The specimens of the

present project, however wil I have changed to d'ifferent unload-reload

reg'ions in v-ln p'space as the overconsol'idation progresses, w.ith

each region being defined by a slighily increasing ouå. The shape of

each y'ie1d locus w'il I be approximately the same. (subsequent

isotropic consol idatìon to higher stresses would gradua'l'ly modify the

shape of the anìsotropìcal ly determíned yield envelope. ) The f.inal

consolidatìon points of the specimens of the previous three projects

are w'ithin the elastic zone of the unload-reload reg-ion and are

therefore insjde the yield envelope, whjle the specìmens of the

current project are on a newly formed yield envelope controlled by an

ìsotropìc mean stress p'= 80 kpa. Fiq.4.s shows the final
consol'idation points in V vs. log(p') space of the control specimens

for Kwok (1984) and Lau (i986) , as wer r as those of the current

project. The one-dimens ional normal 1y consol idated I i nes (1-D NCL)

for the prevìous projects (taken from Graham and Lau lggS) and that of

the current project are p1 otted. It al so shows systemati ca1 ìy

possible traces of the yìeld loci through the earl-ier data and the

present data. The observed change ìn the posìtion of the 1-D NcL

between the different projects is another indication of chemical
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changes that have occurred jn the clay during its storage ìn the

laboratory over the last 6 or 7 years. The data of the current

project l'ie on the top "hook" of the unload-reload regìon whereas the

earl ier data l'ie in a d'ifferent part of the'ir respective zone,

However, note that the h'igher p'-values'in the present series have

produced higher V-values. Th'is would be expected from the ox'idatjon

of the cìay with time.

Due to the anisotropjc behaviour of the specimens, a straight

r -line through any of the po'ints is not representatjve of the

behaviour of the clay. The "elastic wal l" is not a rc-line but a

reg'ion as stated earl ier. stra'ight I i nes through any of these po'ints

would not be measuring comparable properties since the consol'idatjon

points are defined for d'ifferent areas of the unload-reload region.

It 'is therefore not a concern that the Kt values are different in the

d'ifferent test series.

4"3 Unloadìng

After the samp'ì es were consol jdated to the stress state of

or) = oÅ = 80 kPa and OCR = 2.0, they were subjected to isotropic

unloadìng ìn the triaxial cells to a cell pressure of approximate'ly

5 kPa wìth no access to drainage. The 5 kPa of cel'l pressure was used

to ensure contact between the samp'ìe membrane and the spec'imen, and

theref ore to control the accuracy of the volume change read'ings. Th.is

procedure s'imulates the act of ra'ising an actual samp'ìe from the
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seabed to the ship and its I ater extrusion from the sampl-i ng tube.

The sampies jn this project were unloaded ìncremental ly and th.is

process took about 10 minutes on average.

Fìgs.4.6a-j show the changes in porewater pressure that
accompan'ied the unìoading of the cell pressure for al I samples.

During the unload'ing, the average E values ( = Au / Aocell ) taken

through the points were found to be 9g - r00 % except for samples T77B

and T784. These samp'les had B values of 94 and 96 % respectìve1y.

The decrease in the E value in these specìmens could be assocìated

w'ith dissolved air jn the porewater and draìnage leads coming out of

solutjon as the pressure is decreased. This di ssolution of air would

affect the porewater pressures developed in the dra'inage leads and the

measured value would not be exact. No air was actually observed in
these spec'imens.

The average mean effect'ive stress, p' prior to un'load-ing was

78.4 kPa. Immediately folìowing the unloading, the average p'of the

samp'les was found to be OO.ã tpa. This'is a reduction of approx.imately

15 %. This average of 66,2 kpa, howevelincludes the results of

samples T778 and T784 whìch had indjvjdua'l reductions in p, of ¡e.s

and 40 .2 % respectively. If these two samples are ìgnored, then the

average p' after un'loadìng would be 70.2 kpa which ìs a 9.2 %

reduction. Both of these values, however are hìgher than the

reductjon'in p'measured by Kwok (1984) and Lau (1986) for 'ì-iqht'ly

overconsol'idated samples (0cR = 2) which were 3.b and i.g r,,

respectìve1y. The samples of Kwok and Lau were unloaded from an



in-situ p' of approximately 55 kpa.

However, consjder the decrease in p' reported by Lau (19g6) for
the normal'ly consol'idated samples wh'ich were unloaded from an in-s jtu

p'of approx'imately 110 kpa. He found the p'to decrease by ls%. It
is evident that'in the present project, the samples did not hold thejr
in-situ p'values after unloadìng. However, ìt-is obvious that the

reduction ìn p' found in the present study was between the values

reported by Kwok (1984) and Lau (1986) w.ith .in-s.itu p,-values of

55 kPa and Lau (1986) wìth an jn-situ p,-value of 110 kpa. Since the

testing procedures were almost ident'ical, a possìble reason for the p'

reduct.ion after unload'ing could be due to cavitat'ion of the water in
the drainage I eads. As the negat'ive pressure gets nearer to the

presumed cav'itat'ion point of water (-100 kpa), the recorded porewater

pressures may not be that whìch is occurring 'in the specimen. since

the negative porewater pressures that were attempted to be measured jn

the present project were closer to -100 kPa than the overconsolidated

samples of Kwok (1984) and Lau (19g6) but not as close as the normaììy

consol idated samp'les of Lau (f986) , it 'is considered systemat.ic of the

test procedures that the reductìon in p' of 9.2 % found.in the present

project I i es between the reductì on val ues determì ned i n the other

projects.

A'lternat'ive'ly, there could have been a sìgnificantly large amount

of air dissolved'in the water in the drainage leads that came out of

solution when the pressures were decreased. This could cause the

porewater pressures measured'in the draìnage leads to be h-igher, that

47
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is ìess negative, than those in the pore structure of the samp'le.

Then the measured p' would be less than the actual value ìn the

sample.

4.4 Storage

After the unloading stage, the samples were subjected to various

ìengths of storage periods. This was to model the time lag that

actual samp'les experience between the time they are retrieved and the

time they are mounted 'in triaxìal cells for strength testing. To be

consistent with the three prev'ious projects, the storage per.iods used

were 15 minutes, l day and 7 days. The two extreme cases of dra.inage

conditìons were 'investigated, that is the samples either had totalìy
free access to drainage (drained storage) , or they were total ly
restricted from drainage (undraìned storage).

F'irst, consider the samples that were stored under drained

conditions. Fìgs.4.7a,b show the volumetrìc strain v={ze¡*er¡

plotted against 1og(storage t'ime). The curves are al I rough'ly the

same shape with the curve beìng more complete as the storage t.ime

increases. There appear to be i sectjons in the curves, wìth the

po'ints of contraflexure at approximate'ìy 2 hours and i ouyr. The

second poìnt of contraflexure at about à ouyris close to that found

by Lau (1986) who reported an "equìlibrium time" of 2 to 3 days.

The final volumetric strains measured during the dra'ined storage

perìods are summarized 'in Table 4.2. The two sampìes stored for 1b
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minutes had final v-values of 0.18 and 0 ,27 % respectively, while the

1 day and 7 day samples had finar v-values dur.ing the swel I ìng of

3.g5 % and 6 .72,7.81, and B.zB î" respective'ry. It can be observed

that the final v-values found for samples stored for the same time

perìod were fairly ci ose to one another wjth one exception, sampìe

T779 with v = 6.12 %. It is seen in Fìg" 4.7b that the final three

data points of T779 dev'iate sìgnificanily from the smooth curve. It
is unknown why this occurred. There t.lere no technical probiems

detected during this period. However, the probìem ìs considered to be

isolated to the one sampìe and not characterist.ic of the general

trend. If this deviat'ion had not occurred, then the f.inal v value

would have been near 7.5 % fron a manual projection of the curve which

is consistent with the other two.

Cons'ider next the sampìes which were stored under undra.ined

conditions. The curves of the residual porewater pressure, ur during

the storage versus the 'log(storage tìme) are shown in Fìgs. l.gu,o.
There are two general trends that can be observed. In samples TTgz

and T784, the porewater pressure continued to decrease from the

ìnìtjal resìdual porewater pressure uri at the beginning of the

storage to a minimum and then began to rise. In sampìes T7g1 and

T788, the porewater pressure cont'inually increased from u..¡ once the

storage period had begun. It ìs believed that the mechanism whjch

causes the sampìes to continue a reduction 'in u. immedìate'ly after
unloadi ng has to do with the "equal izat'ion time" of the pressure

transducers. In samples T7B2 and T7g4, it took approx.imately 10
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minutes before the measured porewater pressure began to rise. It js

thought that during this time the transducers had not reached an

"equìl ibrated" state and the measured porewater pressunes were

somewhat greater (that is, 'less negatìve) than the actual porewater

pressures in the sample. Also jt is poss'ible that some gas exsolved

from the water in the drainage leads durìng the unloading and affected

the measured u.1. It could t,hen take some time for the porewater

pressure in the drainage leads to equilibrate. Thìs type of behaviour

was observed in only one other project. Graham et aì.(1987) found

thjs to occur during the storage of their normal ly consol-idated

samples. They thought that it was due to entrapped a.ir that was

observed in the draìnage leads. Porewater pressure relaxation with

time has been observed by a number of researchers, for example Graham

et al. (1987), and Kìrkpatrick et a1. (1986).

It can also be observed from F'igs. 4.ga,b, that the curves are

not completely "smooth". it is bel ieved that one cause of thjs is

due to the da'i'ìy zero shift of the porewater pressure transducers wìth

respect to the daì'ly atmospheric pressure. Dur^ing all other stages in

the test, both the cell and porewater pressure transducers were

rezeroed daily with respect to the atmospheric pressure so that the

measured gauge pressure would be accurate. This was done by .isolatìng

each transducer and subjectìng ìt to a column of water which was open

to the atmosphere and equal 'in height to the mjdpo jnt of the spec.imen.

This was performed on the porewater pressure transducer after the

first day of storage for sample T7Bz, Sìnce the pressure in the water
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immediately surrounding the transducer in its mounting block at thjs
stage was less than the atmospheric pressure, th'is smalI amount of

water s1ìght1y compressed once jt was exposed to the higher

atmospheric pressure and a smal I volume decrease 'in the measur.ing

burrette (.1 to.à ml) was observed. Thjs is most lìkely due to the

compressibil ity propert'ies of both pure water^ and any air di ssolved

within the water. Therefore, when the transducer was resubjected to

the pressure in the draìnage lead (that'is, the porewater pressure in

the sample) , the mass of watelin this space vvas slightly larger than

that before the rezeroìng process and the pressure was observed to

ìncrease sì'ightìy (z to 3 kpa) wh'ich can been seen -in riq. l.ga for
tìme approximately 1400 m'inutes (that is, 1 day). Therefore, this
pract'ice was not repeated during the rest of the undrained storage

perìods. The f luctuatìons measured ìn pressure due to the da.i'ly

atmospheric changes commonly l^lere 0.b to 1 kpa. it was cons.idered

more des'irable to have this occur than to have small amounts of water

entering'into the drainage leads which would make the sample not

total ìy undra'ined.

The general trend during storage was found to be that the

res'idua'l porewater pressure'increased from its value jmmediately after
unloading. This is consjstent with the results found by other

researchers. Kirkpatrick et aì. (1986) and Kwok (i9g6) found that the

ratio of ,,^ / ,ri decreased to approx'imately 70 and 64.6 %

respectively after 7 days of storage, (Kirkpatrìck et al. did not

measure dì rectl y the negat'i ve porewater pressures but j nstead
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estimated them from the p' values and the saturat'ion curves). Th.is

compares well rvith the 74.4 % value of u. / ,ri found in the current

project for the average of the 7 day storage samples. This and the

other values of the ratio for the different ìengths of storage period

are shown in Tabl e 4.?. It can be observed from the table and

F'ig. 4.Bb that the f inal ,. / ,..i oberved for sampìe T7g4 " which was

stored for one day, was greater than 1.0 (that is i.ãsg) . The

porewater pressure of th'is sample began to rise after about io
m'inutes. It is speculated that the porewater pressure would continue

to rise and surpass urì 'if the storage period had been ìonger which

would be consistent with the general trend of the negative porewater

pressures relaxing with time.

The reason for the relaxat'ion of porewater pressures is unclear,

but Graham et al"(1987) be]'ieved that it courd be due to

reorganization of the clay microstructure jn response to the change

from an anìsotrop'ic to an isotropìc stress state ìn their project. A

comparable reorganizatìon of the soil part'icles in the samp'les of the

present project could be due to one of two reasons. Fìrst, there was

a reduction'in the measured p'-value after unloading. Therefore, the

specimen would be under different stress states before and after

un'loadìng. This could cause the changes in the microstructure of the

clay that were suggested by Graham et al. (1987). However, as

ment'ioned earlìer,'it js unclear if the p'-va'lues measured after
unloadìng are precìse due to the poss'ibi1 ity of cavitation. A

possible alternatjve for the cause of thjs reonganization of the
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fab.ic structure could be due to the change in state of the stress
actìng on the porewater from compression to tensjon. The suctjon in
the water wil I be transferred to the indjvidual soil partìcles. This

could cause an elastic compression of the so.il structure and the
particles would be'in a more dense form. The suct.ion pressure would

then decrease, that'is the porewater pressure wourd rjse wjth time as

was observed. This poss'ib1e explanat'ion may not, however, be

appìicable for the relativeìy 'low negative pressure range (<r00 kpa)

wh'ich the samples are be.ing subjected to.

Another possibìe explanation could be that water mìgrated through

the sample membranes or around the sears and entered the draìnage

leads. This would cause an increase ìn the amount of porewater in the
draìnage leads and consequently, the porewater pressures wourd

increase. However, the effect of this was checked .in cal jbration

testing at the begìnnìng of the project and was found not to be a

significant prob'ìem.

4"5 Reconsolidation

The next step ìn the testing program was to reconsolidate the

samples to one of three stress states. These stress states were

consistent with the three earlier projects, that .is 0.6 times the

ìn-sjtu vertìcal effectìve stress, oI with KO = 1.0, 1.0 oi with
K0 = 1.0, and 1.0 oi with Ko = 0.53. s'ince these reconsorìdatjon
procedures will be referred to frequentìy in the remainder of the
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thesis, the fol ìow'ing short-hand notation wil I be used: 0.60i-iso,
1.00i-iso, and 1.00i-aniso, respectìve1y. The main objective of thjs
study is to determine which of the three reconsol idatjon procedures

wì'11 give the best estimate of the undrained shear strength of the

samples. The reconsol'idation stresses were added .in one load

increment and the resultìng porewater pressures in the sample were

allowed to equilibrate for 4 - 5 days. The final axial and volumetrjc

stra'ins experienced during reconsol idation are shown -in Table 4.ã

along with the reconsolidat.ion type of each samp'le.

The strains experienced durìng the reconsol'idatìon are aga.in

shown to depend on both the storage condit'ions and reconsol idation
procedures used on each sample (Graham and Lau 1988). Cons-ider first
the samples wh'ich were stored undrained. No volumetric expansÍon 1uas

al I owed durìng the storage period, and consequenily, the volumetr.ic

and axial strains experienced during the subsequent reconsol idatjon
were found to be small. F'igs. 4.9a,b show the specific volume, v of

typìca1 sample T784 and T788 plotted against the 'ìog(reconsolidat.ion

t'ime), where T784 and T7B8 were stored undrained for 1 day and 7 days

respectively and both reconsolidated to 0.6 oi iso. Tabl e 4.2 and

F'igs. 4.9a,b show that the 'ìength of storage time has I j t¡ e eff ect on

the stra'ins observed during reconsol'idat'ion if the sampìe are stored

undrained. The other samp'les that were stored undrained had s.im.il ar

V vs. log (time) relatjonships during reconsol'idatjon as those shown

i n Figs. 4.9a,b and have not been i ncluded here.

Next, cons'ider the samples wh'ich were subjected to draìned
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storage. F'igs.4.10a,b show the curves of v vs.log (reconsolidation

time) for samples T777 and T775 which were stored under drained

cond'itjons for 15 mìnutes and 7 days respectively and both

reconsol'idated to 1.0 oi 'iso. It 'is observed from these curves and

Table q.Z ti'ut the length of the storage t'ime has a sìgn'ificant effect
on the strajns experienced durÍng the reconsolidatìon if the sample is

stored under drained condjtions. when a sample .is stored for 15

m'inutes, there is very l'ittle time folit to swell and subsequenily

the volumetric expansjon during the storage wi'll be very smalI, as was

observed tn T777 (and ìn the spec'imens stored undrained in Fìg. 4.9).

l.lhen the sample was later subjected to its reconsolidation stresses,

ìt expelled very little water and therefore the stra'ins experìenced

during the reconsolìdatjon were very smal ì. However, ìf the sample

was subjected to longer storage periods, as ìn the case of T77s, there

wil I be a greater volumetric expansìon. when this sample was later
reconsol idated, more water \{as expel I ed than 'in the case of the samp'le

1777. The curves of v vs. log (t'ime) during the reconsolidation of

the other samp'les which were stored under drained conditions were all
sim'ilar to those in Fìg.4.10a,b and it was not considered he'lpful to
'include them in the thesis.

Consìder next the effect of the reconsolidat'ion procedure on the

stra'ins that the sample experìenced durìng the reconsolidatìon stage.

F'irst, examìne the strains experìenced by sample r77s, T77g, and T7gg,

which were al I stored under drajned conditions for 7 days. These

samp'les were subjected to the three different reconsol idation
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procedures, that 'is 1.0 oi iso, 1.0 oi aniso, and 0.6 oi iso,

respectìveìy" Itisobserved from lable4.ã, that the volumetric

strains experìenced by r77 5, which had the hìghest mean effective

stress, p'= 80 kPa, were much larger than those experienced by T77g

and T789 which had p'values of b4.9 and 64 kpa respectively. Th.is is

to be expected , and i s cons'istent w'ith the f i ndi ngs of Lau (19g6 ) .

A'lso, the axial strains experienced by rTlg were much hìgher than

those of 1775 and T789. Thjs'is also to be expected, since there.is a

dev'iator stress, Q of 37.6 kpa app]ìed on T77g while no dev.iator

stress was applied to T77s and T7gg" F'inal1y, .it js observed from

Table 4.2 that samp'l e T779 and rTgg had very sìmìl ar volumetrìc

strains durìng reconsolidation and their p, values were very close to
one another. Sìmilar'ìy, both T77S and T7g9 had no deviator stress

applied dur'ing the reconsolidat'ion and'it was observed that the axial

strajns experìenced by these two samp'le were very simjl ar. These

fìndings conform with the general trends observed for all samples .in

thìs project and are consistent with the f ind.ings of the earl-ier

researchers on th'is project.



5-1 Introduction

Chapter 5 - Undrained Shear Test Resuìts

After the consolidation or the reconsol'idation procedures of the

control specimens and samples described in chapter ì, the triaxial
cel ls were transferred to stra'in control led compress'ion frames for
undra'ined shear testing. These tests were performed at an axial

deformation rate of 0.009 mm per minute (approximately 0.8 % strain
per hour). This chapter presents the results of the shear tests from

all test specjmens. A summary of the results is shown jn Table s.1.

5.2 Sttgss-St,ra'in Relationships

curves of normaljzed devjator stress q / ov¿, normalized

porewater pressure change Âu / oui, and effective stress ratio q / p'

versus axial stra'in €, are shown ìn Figs. b.1 to s.iz for al I the

specìmens during undrained shearìng. The definition of the failure
poìnt has been designated as the poìnt at wh'ich the maxìmum q occurs.

This is consistent with the definit'ion adopted by Lau (igeo). In

genera'l , a'll the stress-strain curves were similar ìn shape w.ith all
showìng some reduction in shear resjstance wìth post-peak strain.ing.

The follow'ing general trends were observed wjth respect to the

di fferent storage and reconsol'idati on procedures. Fi rst, cons ider the

behaviour of the samp'les wh'ich were stored undra'ined. It can be

51
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observed from Figs. 5.13 to 5.17 that all three stress-strain curves

show sharper, more d'istinct peaks for the samples that are stored for
'longer periods regardless of the reconsolidation procedure. These

peaks occur at smaller axial strajns for the sampìes stored for the

longer time perìods. However, there appears to be r i til e effect of
the duratìon of the storage period on the peak q-va'rue for sampres

reconsol'idated using the same procedure. This was evident .in the

strengths shown by samples T7g4 and TTgg whìch had peak q-vaiues of

8à.i and 81.1 kpa, and were stored for I and 7 days, respectìveìy,

These samples were reconsolidated to a p,-value of 4g kpa. This was

also found by skempton and Sowa (1963), K'irkpatrick and Khan lisao¡,
and Graham et al.(iggz). The other two samples stored undrajned, TTgi

and T782 showed peak q-values of 68.9 and 75.g kpa, respectiveìy, and

had p'-values during the reconsol idation of g0 and 55 kpa. The

poss'ible reasons for this decrease ìn peak-q are as follows.

It is bel ieved that for sample T7g1, the wrong proving rìng
serial number may have been recorded during the undrained shear

testing and the cal ibration factor used in the calculat.ions of the

results (3.677g N/dìv) would therefore be 'incorrect. There were onìy

three different provìng rìngs used in the present project and it is
bel ieved that the correct cal'ibration f actor was 4.6642 N/d.iv as

opposed to 3.6779 N/div. The shear results of this sample based on

the new calibration factor are gìven in Table 5.1 under TTBio ano the

stress-strain curve is shown in Fig. 5.14. The orìgìna1 data sheets

have been carefuì1y re-examìned, but unfortunately there is no way of
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confirming the correct calibration factor. However, the results of

the present program would be more consistent and agree better with the

conclusjons found by ear'l'ier researchers jf the proving ring had the

h'igher cal'ibrat.ion factor. Significant anomalies result with the use

of the I ower factor. I^/jth the new cal ibrat'ion factor, the peak

q-va'lue changes to gt.ã kpa wh'ich js much closer to the values

obtained for the control specìmens. Th'is would also f.it jnto the

bel ief that the sampìes consol idated with a higher p'-value should

show a hìgher strength. The results of thjs samp'le compared with the

others wìll be done by consjdering both results except where

specified. it has been thought more responsibìe to ident.ify thjs
diffìcuìty open'ly, than to make assumptìons coverily that can be

neither confirmed nor denied. For Trgz, jt is thought that the small

decrease in strength compared w'ith T7g¡ and TTgg whìch had sìightìy
higher p' durìng reconsolidation, js due to experìmental scatter.

Next, cons'ider the sampies which were subjected to drained

storage. It i s seen from Figs. 5 .6 to s .rz that for sampì es

reconsol idated us'ing the same procedure, the peak q-vaìues decrease

with an increase ìn the storage tìme. The peak q / p'-values are

approxìmately independent of the storage periods. It was also found

that the €r-value at the peaks of q and q / p, jncreased w.ith

increasing storage time. The opposite was found for samples stored

undrained.

The results from samples which were reconsoljdated us'ing the same

procedures will now be examined. It was found that samples stored for
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15 minutes (T777 and T7B1*) had peak q and q / p'values very close to
each other for the draìned and the undrained storage, respectively.

However, for samples wh'ich were stored for seven days, it was

generaì'ly found that the strength for the samp'ìes stored dra'ined r^/as

s1ìghtìy'lower than those stored undrained. These were the same

conclusions found by Graham et al. (1987). Also, it ìs observed from

Tabl e 5 .1 that f or d'iff erent storage t'imes, the reduct j on j n the peak

strengths js much ìarger for samp'les stored under dra'ined conditions

than that for those stored undrainecl.

Fìnaìly, consjder the value of the ax'ial strains at failure for
the control specimens compared with the samp'les. For the control

spec'imens, it was found that €J at failure ranged from à.al-1.4g %

(Table 5.1) . The sampìes wh'ich were reconsol idated to 1.0 oi-aniso
had ax'ial stra'ins at failure slightly lower, that is à.32-2.7g %. For

both of the ìsotropic reconsoljdatìon procedures, it was found that
the sampìes stored for 1b minutes or 1 day had €r-values at failure
sjmilartothoseof the control speic-imens, z.¡g-ã.sl%, while the

sarnples stored for 7 days had s'ignificanily larger €1-va'ìues at

failure than the 'in-situ contro'l specìmens, 3.i6-4.43 %.

5"3 Effective Stress paths

The

u nd ra'i n ed

q versus

effect i ve

sheari ng

effect i ve

stress paths

are shown in

mean stress,

followed by all test specimens during

Fìgs. S.tg to S.jq in deviator stress,

p'. There are 2 general shapes that
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were observed (see for example Fìgs. 5.23 and 5.34 for samp'les T777

and TTBB). Each of the curves had 3 basìc components wjth the first 2

of these beìng roughly similar for al I test spec'imens. Consider first
the lower port'ion of the curves in the low q range. As q increases on

the specjmens, the curves follow an almost straìght l-ine which was

inclined sl'ightìy to the left (that js a p' / L q < 0). Most of the

curves then show a bend towards the right and a second nearly stra.ight

l'ine ensues unt'il peak q occurs. Th'is sectjon js ejther vert.ical or

slightiy ìncì'ined to the right for most specimens. The third sectìon,

wh'ich ìs aga'in nearly straight, then occurs after failure when the q

begins to decrease from its peak value as the sample moves towards

critical state. The 2 different general shapes are ev'ident from the

direction that this third section takes immediately after the peak q

occu rs .

The directìon that this third sect'ion follows after failure
depends on the porewater pressure generat'ion after the peak q-value is
obtajned. If the porewater pressure continues to rise after fai'lureo

as'in sample T781 (see Fig.5.13a), then the third sectìon of the q-p,

curve turns towards the I eft and s 1 opes down to the I eft as j n

Fìq. 5.30. For a sample such as TT8B (Fiqs. b.17a and b.34), the

porewater pressure decreases after failure and hence the third sectjon

of the curve turns towards the right and s'lopes down. Note, however

that the genera'l slope and direction of this thjrd sect.ion in p,,Q

pìanes'is similar for all specimens. The difference in the shape of

the curves is ev'ident only in the d'irection that the curve moves
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ìmmediately foìlowing failure. The except'ions to th'is behaviour ¡aere

found 'in samples T776 and T779 (Figs . 5.27 and s.ze) whìch showed

s'ignif icantly d'ifferent stress paths from that of al I other test

specimens. It was observed that the sampìes which were consolidated

to 1.00i iso best modelled the shape of the in-situ effectjve stress

path .

It ìs observed from F'igs.s.zi to s.¡q and Table 5.i that the

reconsol idation procedure affected the djrection in which the curve

moved after fa'ilure. For the samples consolidated to 1.0 oi iso, the

curves al I moved to the left after fa'ilure. Thìs was also the

behav'i our observed for the control specìmens. For the other z

reconsol idation procedures, 0.6 oi iso and 1.0 oi anìso, the curves

moved to the right w'ith only two exceptions. sampl e 1776 (Fìg. s.zl)
moved to the right, but the results of this sample were cons.idered

undependable due to a loss in the accurate control of the water

content of the sampìe. sampl e T7l9 (F'ig. s.âal showed a stress path

significantly different from all other test spec.imens and its
behaviour has been considered an ìndìvidual exception. Finally, vaq
(Fig. 5.33) did not move either to the right or left, but rather

followed back down the second section of its q-p'curve. This may be

due to'its short storage perìod. If this sampìe had been stored for a

longer period, then it may have showed a larger movement as t,las the

case in T788 wh'ìch was stored for 7 days rvith the same reconsol idat'ion

procedure.

Now compare the peak q-values shown in Table 5.1 and Fiq. s.:s.
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Cons'ider the undrajned shear strength, (expressed as qpeak = Z ,u) of

the 5'in-situ controì specimens. It'is ev'ident that the qpeak found

for specimens T785 and T787 were slightly 'lower than those of T7lr,
r772, and T773. The first two were subjected to a porewater pressure

of 500 kPa during the ent'ire triaxial consolidatjon stage. The other

three were consolidated under 200 kPa of back pressure with it being

ra'ised to 500 kPa for one day prior to the undra'ined shear test. The

samples t,lere also consol'idated jn this same manner. However, the

d'iscrepency is not'large, and the Qpeak-values of the samp'les w.ill be

compared to that of the average value obta'ined from all control

specìmens.

The average Qpeak value found for the five control spec'imens was

86.7 Pa. It j s ev'ident f rom Table b .1 and Fig. 5.35 , wh'ich shows the

p' vs. q faìlure points for all test specimens, that several samples

had strengths which were close to th'is value. Fìrst, the samples

wh'ich were stored drajned and then reconsolidated to 1.00i ìso, that

is T777, f774 and T77S which had peak q-values of gi.l, g9.g, and

80.5 kPa respectìve1y. The strengths of these sampìes were found to
be 5.8 ano à.6 % higher and 7.2 % iower, respectìvely than the average

of the control spec'imens. A1so, the samp'les whjch were stored

undrained and reconsol.idated isotropically to either 1.00i or 0.60i

(considering tZe1") had strengths close to that of the average'in-situ

strength. sampìes T781* (1.00u ìso) , veq (0.60u iso) and TTgg

(0.60u iso) had peak q-values of 91.i, gz.3 and g1.1 kpa, whìch

showed changes 'in strength of +5 .1 to +6 "5 %. The remai n-ing samp'les



showed decreases i n

-38 .7 % . Th'is wou I d

failure envelope ìn p'

more detaìl in Section

5.4 Porewater Pressure Generation

the jn-situ strength ranging

be unacceptab'1e in commerc'ial

vs. q space (Fig. 5.35) will be

6.3.1.

curves of the normalized change jn porewater pressure au / oui

versus the axial straìn €, are shown ìn Fìgs. 5.la to 5.1ba for all
test spec'imens during the undrained shear testing. As d.iscussed in

Sectjon 5.2, different porewater pressure behavior was observed

dependì ng on the reconsol'idation procedure. For the 'in-situ control

specìmens and the samp'les reconsolidated to 1.00i iso, the porewater

pressure cont'inued to slowly rise after fajlure was reached. For the

samples reconsol'idated to e'ither 0.60i ìso or 1.00u aniso, ìt was

observed that the porewater presure e'ither stayed constant (as was

observed in T779 and T784), or decreased after failure. The specìmens

wh'ich showed an 'increase in porewater pressure after fa-ilure

demonstrate a tendency to compress during undrained shear. This

"compress'ive" behavior was arso observed by Lau ¡ieeo) for his

normalìy conso'l'idated (NC) test spec'imens. In contrast, the specimens

which showed a decrease in the porewater pressure after the fajlure

was reached have demonstrated a tendency to dilate or expand. Lau,s

overconsol'idated specimens also showed this type of dil ative behav'ior.

The val ues of the porewater pressure parameter at fai I ure
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from -15.4 to
testi ng. The

di scu ssed i n
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Af =a u, / t(01-03)¡ are shown in Tabre 5.1. It is observed that the

control specimens T7B5 and T7g7 had slightìy higher Ar-va.lues (0.45

and 0.4ã, respectivery) than those of the other 3 controls (0.3s to
0'39). This may be due to the different porewater pressure cond-itjons

during consolidat'ion as expla'ined jn Section 3.2.2. These Ar-vaìues

are signìficanily h'igher than those reported by Kwok lise+) and

Lau (1986) who found it to vary between 0.1à an¿ o.io. Howeven, this
is to be expected since the'ir specimens had been consojidated to a

different (an'isotrop'ic) stress state. The samp'les wh'ich gave the best

estimate of the 'i n-situ Ar-varues were T777 , T77 4 , and T7g9 1o.is,
0.43, and 0.40, respect'ivery), which were reconsolidated to r.o iso,
1.0 iso, and 0.6 'iso, respectiveìy. The f irst 2 of these also gave

the best estimate of the in-situ undrained shear strength. The

At-va'lue increased with increasing storage time for sampìes which were

stored drained and reconsolidated using the same procedure. This was

also found by Lau (1996).

curves of the normarized change in porewater pressure au / oui
versus the normalized change in total mean stress Âp / ou. are shown

f or al i specimens i n F'igs. s.io to 5.s2. It was observed that al I

curves had an i n'itial straight I j ne section. The control specimens

and the sampìes which were reconsor idated to 1.00i iso (Figures s.jo
to 5.43,5.48, and 5.49) then showed a slight bend to the rìght before

taking a sudden hook to the reft. In contrast, the sampres wh.ich were

reconsol'idated to either 0.60i iso or 1.00i aniso (Figures s.44, s.lo,
5.46, and 5.50 tp s.52) showed a sharp hook to the rìght following the
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jnitial straight line section (exc'luding T7l6 " Figure 5.4b). It was

ev'ident that the porewater pressure behavior of the samples

reconsol idated to 1.00i iso was very similar to that of the in-situ
control specìmens, wh'i1e that of the other specìmens was quite

d i fferent.

The s'lopes of the in'it'ial straight line sections has been

desìgnated as "m", and the values are shown for al I spec'imens -in

Table 5.1. It was observed that the m-values of control specimens

T77r and T785, wh'ich were r.257 and r.7gz respectìveìy, are

significantly different from the other three controls which had

m-values rangìng from 1.508 to 1.566. Specìmen T771 was consol'idated

to oi = 80 kPa, K0 = 0.8 and OcR = 1.0, which was srighily different
from all other specimens which had a Ko-value of 1.0 at the f-inal

consol idat'ion stress. Spec'imen T785 had a sign'if icantly higher water

content at the end of triax'ial consolidation than the other specimens

(see Table 4.1). Therefore, these ã specjmens are at s'l-ight'ly

different p' - q - v states than the others. The m-values of the

samp'les w'il'l be compared to those of the remaining 3 'in-situ control

specimens , 1772, r773, and TTgl . The m-values of the control

specimens found by Kwok (1984) and Lau (19g6) were 0.82 to 1.b6 and

0.86 to 1.34 respectively. These are signìfìcantly 1 ower than those

found jn the present study. However, thjs is agaìn to be expected

s'ince the specimens were consol idated to different stress states.

It is evident from Table b.1 that the sampìes wh.ich were

consol'idated to 1.00u ìso gave the best estimates of the -in-s.itu
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behav'ior. This was especial ìy true for T777, which was stored drained

for 15 minutes and had an m-value of 1.s46. Samp'le T788, which was

stored undrained for 7 days and then reconsolìdated to 0.60i iso also

showed an m-value (1.507) that was close to in-situ value. It was

also observed that as the storage t'ime increased, SO too did the

m-value. This was also found by Lau (1986).

considering both porewater pressure parameters m and Af, it was

observed that samples T777 and Tl74 gave the best estimate of the

in-situ behavìor. These samp'les were stored drained for 1b mìnutes

and 1 day respect'ively, then both reconsoljdated to i.oo; iro. some

of the other samples had either the m or Ar-values close to that of

the in-situ behavjor, however onl y T77l and T7l4 had both values

comparable to that of the control spec'imens. It should be remembered

that these samples also gave the best estimate of the 'in-s.itu

undrajned shear strength.

5.5 Elastic Hodulus

The el astìc secant modulus Euo has been used to evaluate the

ear'ìy elastic port'ion of the q vs. €l curves. Th'is Eso value was

obtained for each test from the siope of the q vs. €L curve between

the start of shearing and 50 % of the maximum dev'iator stress

(Graham 1g74). Thìs parameter was also used by Lau (19g6) to evaìuate

the early e'ìast'ic portìon of his stress-strain curves. The Euo-va'lues

as well as the relatìve stiffness Eso / c, for all specimens are shown



'in Tabl e 5 .1 .

As seen from the table, the Euo-values for the in-s'itu control

specìmens show considerable scatter and therefore, îo f.irm

i nterpretation can be made. This was al so found in the results of

Lau(1986). Fromthetable,it'is seen that samp'ìes wh'ich had a

shorter duration of storage period showed a larger Euo-value than

those wjth a 'longer storage period. This was also observed by

Lau (1986) who thought that this ìndicated that the samples wjth the

shorter storage time were subjected to less disturbance during the

offload'ing and subsequent storage. It is difficult to determ'ine which

reconsol idation procedure gave the best estimate of the in-s'itu

EUO- va'ìue due to the variab'il ity f ound i n the val ues cal cu I ated f or

the control specimens.
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6"1 Introduction

Chapter 6 - Discussion and Comparison

The project discussed in this thesjs investìgated the disturbance

caused by effects of moderate stress release on the undrajned shear

behav'iour of reconstituted c'lay specimens. The prìmary goa'l of the

research was to determine a laboratory procedure for the treatment of

sampìes wh'ich best estìmates the "in-s'itu" undrained shear strength

and stress-straìn behaviour. An ouil'ine of the program and test

procedures was g.iven ìn chapter ã. Detailed test results were gìven

'in chapters 4 and 5 wh'ich also included some analysìs of the data.

Thìs chapter examines mone general topìcs rajsed by the research.

Hith Previous l{ork

6-2 Soil Pr
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Classification tests, consìsting of Atterberg ljmits and specìf.ic

grav'ity tests, were performed on the il l'itic clay to mon jtor any

chem'ical changes that m'ight have occurred with time and altered the

cìay propert'ies. classificat'ion test results of the present

jnvestìgation as well as those from l^lu et al.(t9eJ), Kwok (1984),

Ambrosie (1985), and Lau (1986), all on the same clay, were presented

i n Tabl e 3.1. As di scussed 'i n secton 3.1 , i t can be seen that the
'liguid'lìmit w., has'increased monotonically with time, although the
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plastic limit *p and the spec'ific gravìty G, have not been

sìgnificantly a'ltered. 0ver the 6 years that the clay has been

stored in the laboratory, it was observed to change color from an

orìgì na1 blue-grey to a

composit'ion of the clay has been somewhat altered, probably by

oxidat'ion. It was also observed during the present tests, that the

water content of the "cakes" at the end of siurry consol.idation

increased almost monoton'ical ìy by smal I amounts as the program

progressed. In any case, the clay used in the present invest.igation

was slìghtìy dìfferent in its chemistry compared w'ith that used jn the

earlìer projects. Therefore, care must be taken when comparìng the

results with the earl ielinvestigat'ions. It can be expected that

strength would likely be unaffected by this process whereas water

contents, spec'ific volumes and stress-strain parameters (Af, m, E50,

etc.) might show some changes.

brown-grey. Therefore, the chemi cal

five d'ifferent stages in the testjng program. The mojsture content at

the beginnìng and end of slurry consolidatjon and at the end of the

undraìned shear testing were obtaìned d'irectly from oven dried samp'les

of the slurry and soìl tr.immings. These can therfore be consìdered

accurate. The remain'ing three sets of water contents. were calculated

from volume change measurements recorded throughout each test. The

volume change can be measured with good precis.ion (t0.05 mì ) and

therefore can be cons'idered accurate. However, there were smal I

d'iscrepancies between the moisture contents measured at the ends of

Table 6.1 shows the moisture contents of each specimen during
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the tests from oven dried samples and those calculated from the volume

change read'ings. These d'iscrepancies were commonly 1 to z %. This

used to be a common probìem'in triaxial test'ing at the University of

i.lanitoba. It has been determined to be due to the procedure used for

installing specimens jnto triaxial cells.

Most tr.iaxial testìng performed at the University of l.,lanitoba 'is

done on saturated soils. When a rubber membrane is placed around a

spec'imen to isolate 'it from the cell i'iquìd, watelis flushed up

between the s'ide of the specìmen and the membrane to expelì any

trapped a'ir. This gives good saturation and improves the porewater

pressure response. It is believed that the soil on the outsìde of the

specìmen (which is overconsolidated at thjs stage) absorbs a smal I

amount of water during thjs flushìng process. Therefore, the average

water content in the specimen wil I be sìighily higher than that

measured from oven-dried samples prior to installat'ion and the water

content close to the outside of the specimen will be even higher.

Th'is difference was calculated at the end of the test and water

contents throughout the test were adjusted approprìateìy. The water

contents shown 'in Table 5.i for the beg'inning of the triaxial test

g'ives both the originaì value from oven dried sample at the end of one

dimensìonal s'lurry consol'idation, and the ad justed water content for

the beginning of the triaxial consolidat'ion.

The moisture content of each slurry mìxture except the first was

measured just prior to jt being poured i nto the 'lar^ge cyl ìnder for one

dimens'ional consolidation. The intended water content was 120 %. As
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can be seen from Table 5.1, the water contents range from 117.1 to

119 .0 % , excludi ng sampl e Í772 to T77 4 . These are cl ose to the

desired value. it is bel'ieved that the small differences were due to
a small volume of dissolved air originaì'ly ìn the porewater that was

removed during the mjxing process by a vacuum pump, as well as the

extractìon of water vapor. slurry mìxture llli to vl q had a water

content sìgnìficantly less than the others (i03.g %). This was due to

a measurement error during init'ial mixìng. However, as can be seen

from Table 6.1 , the water content at the end of the s'lurry

consol'idat'ion is not signìf icantly different from the others.

Consider next the water contents of each spec'imen after slurry

consol idat'ion and prìor^ to triaxi al consol jdation. It can be seen

that T771 had a much h'igher water content (s5 .99 %) than the rest of

the specimens. This was due to the t'ime management problem d'iscussed

i n section 4 .i.t. specimens T79l and Trg, were part of the hiqh

pressure test'ing program and the'ir calculated water contents until the

stage that the tests were termi nated have been .i ncl uded for

comparison.

The average water content at th'is end of slurry consolìdation

stage was found to be 50.i¡ % !0.86 %" exclud.i ng T77I " T7gI, and I7gr.
The varjabilìty compares favorably wìth that of Lau (1986), who found

a standard deviation of 0.7 % at this stage. However, it can be seen

from Table 6.i, that as the program progressed with t'ime, the water

content at the end of the slurry consol'idation showed a generalìy

increasing trend with some exceptions. Thjs could agaìn .indicate
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chemical changes which slighily altered the clay properties. The next

column in the table shows the calculated water contents just prior to

triaxial consol'idation. These were back-calculated from the measured

water content from oven dried samp'les at the end of triax.ial shearing

and the recorded volume changes measured throughout the consol-idat.ion,

storage, and reconsol idation procedures, as was d'i scussed earl jer in

this section. The difference in water content at this stage between

the two est imates of water content range f rom 0 .64 to i .sg "/" .

hlater contents of the spec'imens at the end of tr.iax j al

consolìdation were calculated from the init'ial water contents and

vo'lume change readìngs recorded during consol idation processes. It is
observed that there is considerabre scatter .in the results. The

average water content was 42.05 % l.ào z. The scatter is higher than

that found by Lau (ig86), who had a standard deviat.ion of 0.4 %. It
is believed that this ìs again in part due to the chem.ical changes

that have occurred in the clay during the present program. The water

content of T77r (42.17 %), 'is close to that of the others, even though

the water content at the end of the slurry consolidation was muclr

h'igher than the rest. Therefore, th'is sample is consol idated to
approximate'ly the same V-state as the others.

The moisture contents of the samples at the end of drajned

storage are al so shown i n Tabl e 6.1 . It can be seen that those

sampìes stored for seven days showed a large increase in the moìsture

content, (for exampl e TlTs where the water content changed from

39.59 to 47.g0% after storage). Those which were stored for
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15 minutes or 1 day showed much smaller jncreases in the water content

as would be expected, (for example T7ll, whìch was stored dra.ined for
15 minutes and had an increase of water content from 41.63 to

4r,84 %). This trend of increasìng change 'in water content wjth an

increase ìn storage t'ime was also observed by Lau (iggo)"

The net changes occurring ìn mojsture content from the end of the

consolidatjon period to the end of the reconsoljdation perìod can be

obtained by comparing the values in the fifth and seventh rows of

Table 6.1. For the samples stored under drained conditìons, it
appears that those stored for longer periods show a larger net change

jn water content regardless of the reconsolìdation procedure. See for
example 1777, T774, and T77b which were stored for 15 mjnutes, 1 day

and 7 days, respective'ly and reconsol'idated under 1.00i iso. The net

increases 'in water content 'in this case from the end of the

consolidat'ion to the end of reconsolidatjon were 0, 1.93, and i.ti z

respectìvely. This trend can also be observed 'in T77g and TTlg (see

Table 6.1). The same conclusion was reached by Lau (1986). However,

f or the samp'les stored undra.ined, there seems to be no systemat.ic

variat'ion in moisture contents between these two stages (see also

Graham et al .1987 ) .

O.ã Un¿rained Shear Behaviour

6"3"1 Failure Envelopes
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The three previous l'l. sc. projects at the universìty of l4an.itoba

on stress release effects, 'identified a wel l-defined failure envelope.

F'ig.5.35 shows th'is enveìope in p'-q space a'long w.ith the fa.ilure
p'-q points from the present .invest.igation.

overconsol'idated envelope for samples stored dra'ined for 15 m.inutes or

stored undra'ined had ..10. = 16 kpa with o' = 1g". For samples stored

drained for 7 days, the cohes'ion jntercept decreased to 11 kpa wjth

the same friction ang1e. The normal 1y consol ìdated enve'l ope r,¡as

defined by .rnå = 0 and Õ = 25'. It is observed that the control

specimens in the present testing program show a faìrìy good agreement

w'ith the higher overconsolidated envelope. The scattelin the results

is unfortunate, but'is s'imilar to that found by the three previous

researchers.

it ìs seen that the present data from sampies stored undrajned or

dra'ined for short periods (i5 m'inutes or 1 day) agree faìrly we]l wìth

the 15 minute or undraìned envelope defined by the previous

researchers. The sampl es wh'ich were stored undrai ned show reasonab'ly

good agreement of failure p' and q values of the control specìmens.

it appears that the duration of the storage tìme has lit¡e effect on

the undraìned shear strength. This was the same conclusion found by

Graham et al. (1987). It was stated in Section s.ã Ü'ut the peak

q-va1ue for sampìes stored drained depended on the duration of the

storage perìod. This can also be seen in F'ig. b.35 which shows that
the failure envelope of the 7 day samp'les is below that of the control

specimens and the 1b mìnute and 1 day samples. The present data agree

The prevìous
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fairly well with the 7 day enveìope defìned by previous researchers.

It must be noted that the definition of overconsol idation could

cause some problems in the examjnatjon of the present data. The

conventional def init'ion of overconsol idat'ion is the ratìo (0CR) of the

max'imum past vert'ica1 effect'ive stress oul to the present vertical

effect'ive stress oui. However, crìt'ical state soil mechanics states

that an overconsol ìdated sojl can be changed to a normaì ìy

consol ìdated one by yieìding of that so.il.

overconsol'idated so'il can only exìst'inside the y'ie'ld locus or state

boundary surf ace. It was observed in Sect ton 4.2.i that dur.ing the

off'l oadì ng of the specimens i n the present program to produce

overconsol'idation, they were yielded and the yield locus was expanded.

Therefore, us'ing the second definition, the specimens of the present

program would technical ìy be cons'idered normaì ly consol jdated.

However, the conventional def init'ion of overconsol'idation was adopted

in the earlier projects and was therefore contjnued in the present

investìgation. This helps explain the unusual porewater pressure

responses that w'il I be dealt with i n Sect jon 6.3.i.

6"3"? Influence 0f Storage And Reconsolidation procedures

Iherefore, dñ

qn lqdrained Shear Strenqth

This research'investigated the effects of a number

storage condìtions and reconsol jdatjon procedures on

shear strength of samples whìch had been unloaded to

of di fferent

the undrained

"zgro" total
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ôppl j ed stresses. Samples were subjected to both drajned and

undrained storage. A1so, the duration of the storage per.iod was

varied to determine its effect on undrained shear behaviour. Three

reconsol idation procedures were ìnvest'igated with the object'ive of

finding the procedure to best reproduce the "in-sjtu" behaviour. Fìve

control specimens were tested without offì oadì ng to represent the

jn-s'itu behaviour. The results of the storage and reconsol'idation

stages were gi ven 'in Chapter 4, and the results of the undra'ined shear

tests were presented ìn Chapter 5.

As shown in chapter 5, the samples which best recovered the

'in-s'itu shear strength were those which were either 1) stored

undrained and reconsol'idated to either 1.00i jso or 0.60i iso or z)

those stored drained for 15 minutes or 1 day and then reconsolidated

to 1"00i ìso. It should be po'inted out that in the second case, the

reconsolidation procedure takes the spec'imens back to their in-situ

stress state. The second of these conclusions is similar jn principle

to that found by Lau (1986) who found that drained storage for a short

period fol lowed by reconsol'idation to the 'in-s'itu stress state was

successful in recovering the in-situ shear strength. In his case

however, the "inlsitu" stress state was anisotrop'ic, not.isotropic as

in the present case. Kwok (1984) found that for samples stored

undra'ined, the shear strength d'id not depend on the length of the

storage period for any g'iven reconsolidation procedure. The present

research supports these generaì conclus'ions, but adds a new dimens.ion

to them since the " in-situ" stresses were different than those tested



previously.

For samp'les stored drained, the longer the duratjon of the

storage tìme, the lower the the strength. This was discussed in
Chapter 5 and is also evident in Fìq. 6.1 which shows the undrajned

shear strength ., vs. specifìc volume v for al I the various

procedures that were examined. it can be seen that for the d.ifferent
reconsol idation procedures, au ìs 'larger for samples stored for
shorter perìods. Longer dra'ined storage perìods allow more water to

be taken'in, that is, the strajns that these samples are subjected to

durìng the storage period are'ìarger. This must cause jrrecoverable

dìsruption of the so'il structure since, regardless of the

reconsol'idation procedure, the jn-s.itu c, could not be recovered.

Fìq. 0.t also shows that the reconsol idation procedure w.ith the

highest p'-va'lue produced samples wìth the highest strength. This is
much the same conclusìon found by Lau (1996). it can be seen from the

fìgure that the samples reconsol'idated to 1.00i iso (p' = g0 kpa)

showed the highest strengths, whìle the other ã pro..dures of

0.60i'iso and 1.00i anjso w'ith p'-values of 5s and 42 kpa,

respectìvely had strengths lower than the f irst, but s.im.ilar to each

other. It i s al so observed that the sampl e reconsol-idated to

0.60i iso displayed the lowest v after reconsol.idatjon. Thìs would

not be expected since the h'ighest p'-va'lue should give the lowest v.

consider now the shape of the effective stress paths of the

spec'imens in p'-q space. It was observed in Section 5.ã ano from

Figs. 5.18 to 5.34 that samples reconsol jdated to 1.00i iso (or

72
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reconsol idation to the " in-situ" stress state) best recovered the

" in-situ" shape. Lau (i986) aìso found that reconsol idating a sample

to'its in-situ stress state best reproduced the shape of the .in-s-itu

p'-q effective stress path, but remember aga.in ìn his case, the
'in-situ state was anisotropìc. The other two reconsol ìdation
procedures had different shapes of the curve after the peak res.istance

occurred compared with the "in-situ" shapes from the control

spec'imens. This may be due to reconsolidation to p'-values d.ifferent

from the 'in-situ value.

6"ã"i Failure Axial Strains

sectìon 5.2 examìned the vertical strain at failure €1, for all
specìmens. For samp'les stored undra'ined, .it \^/as found that the

failure stra'ins were smal ler for the ronger perìods of storage. This

was also found by Kwok (1984). For sampìes stored draìned, the values

of €rr'increased with an increase ìn storage t.ime. (Lau (i9g6) found

no systematic variat'ion in €tt with t'ime for his samples stored

draìned) " The samp'les wh'ich were reconsol idated to 1.00i aniso showed

fa'ilure stra'ins which were sììghtly lower than those from the,,control
specìmens" (r.32-2.78 % versus 2.67-3.48 %, respectively). This could

be due the change in stress state from an in-situ ìsotropic state to
an anisotrop'ic stress state. For the samples reconsol idated using

either of the two'isotropic reconsolidation procedures, the €rr-va'lues

for those stored for either iS rinutes or l day r^/ere very close to the
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in-sjtu values (2.38-3 .s7 %). Those samp'les stored for 7 days had

€,r-values higher than the in-situ varues (3.16-4 .43 %). These were

for both drained and undrained storage. It can be seen that the

anisotrop'ic reconsoljdation procedure under-estimated the €rr-value

while the other two generally over-estimated it. Both Kwok (1984) and

Lau (1986) found that al I reconsol idat'ion procedures over-estimated

the value of €, at fajlure. This was also generaì ìy found ìn the

present 'investigation except for the anisotrop'ic reconsol ìdat jon

procedure. These fìndings influence the stiffness parameters such as

EUO that can be interpretated from the

6"3.4 Porewater Pressure Generation

sectìon 5.4 presented the results of the porewater pressure

generat'ion during undrained shear. The values of Af and m were

presented in Table 5.1. It was observed that the in-s-itu value of At

ranged f roin 0.is to o .42. There "... 3 sanrpl es wh jch gave a good

est'imate of these values.

'isotropical ly, with 2 of these being reconsolidated to the in-s-itu

stresses and stored dra'ined for short periods. The anìsotropical 1y

reconsolidated samples d'id not in thjs case produce Ar-values close to
the in-sjtu value. Thìs again is sjmilalin princìple to the f.indìngs

of Lau (1986), who found that the samples reconsol.idated to the
'in-s'itu stress state produced the best estimate of the in-sjtu Ar. In

most cases in the present study, the Ar-va1ue measured from samples

stress-strain results.

These were al I reconsol idated
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rvas higher than the 'in-situ value from the control specìmens. This

was also found by Lau (1986) who indicated that thjs was due to the

particle reorientation during unload'ing, storage, and reconsolidatjon

wh'ich causes the spec'imens to generate larger porewater pressures.

For the small number of samples in thìs study which showed a smaller

At, the oppos'ite of this would be true. It was also found that the

value of At for sampìes stored drained increased with an increase .in

the storage time. Lau (1986) also observed this and thought that thjs

indicated that the longer storage perìod produced more disturbance of

the sampl es .

The in'itial slope of the Lu / ouå ut. Lp / oui curves (des.ignated

as "m"), was also used to evaluate the porewater pressure generation.

Aga'in, it was found that the samp'les stored dra'ined for short periods

and then reconsolidated to the in-s'itu stress state produced the best

estjmate of m. There was one other sample which gave a good estimate

of the in-situ m-value, sampìe TTBB which was stored undra.ined for

7 days and then reconsol'idated to 0.60i ìso. Th'is ìs thought to be an

isolated occurrence. As the storage time 'increased, the m-value also

increased. This was also observed by Lau (19g6). In summary, the

samp'les stored for short perìods and reconsol idated to the in-situ
stresses gave the best estimates of both of the jn-situ Af and

m-values.



6 "4 End 0f Test - "Critical State"

Fig.6.ã shows the state of all samples in v vs. log p'space at

the end of undrained shearing. The states were 'interpreted from the

measured data at the end of shear testìng. The samp'ìes can be

considered to be at a state that'is only a fair approximation of the

classical definìtion of critical state where ou/o€, = 6Q/ô€1 = g (see

Figs. 5"1 to 5.17). These formal conditjons were cìear'ly not fuìly
met by the samples .in the present study, especia'liy the sampìes wh jch

were stored for 7 days drajned and reconsolidated to either 0.6 oi iso

or 1.0 oi aniso (see Figs. 5.10 to s.1à and a.ú. However, it is

ev'ident that the data in Fig. 6.2 approach ìn prìncìple what could be

ìnterpreted as a "critìcal State }4odel" (l^Iroth and Houtsny isao¡. The

critical state line (csl) shown in the figure js a best fit l.ine with

s ì ope \Z = 0.231 wh'ich was measured f rom the ani sotrop i c consol 'idat.ion

of the triaxi al spec'imens prior to unload.ing,

reconsol ìdat'ion, and shearìng. The lìne shows a fairly good

agreement, with a few except'ions. The conclusions that can be drawn

from this is that the critjcal state l4oder permits a good

understandìng of the particular processes that have been expìored in
th testing program.

Fiq. 6.2 also shows some fjnal ev'idence of chemìcal changes that

have occurred in the clay sjnce the ent'ire stress release project was

initiated approximately 7 years ago. Note the shift in the csl found

in the present program from that determined by Graham and Lau (198g).
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7 " 1 Conclusions

Chgpter 7 - Conclusions and Suggestions for

The follow'ing princìpa'l conclusions have been drawn from the

testing performed in this thesis project. It was determined that to

accurately recover the 'in-situ undrajned shear strength of

reconstituted samp'les which have undergone moderate stress release and

are subjected to drained storage, they should first be stored for as

short a time as possible before testing and then reconsolidated to

thejr in-situ stress state (1.0 oi 'iso in this study). If the samples

have no access to dra'inage during the storage perìod, then agaìn they

should be stored for as short a time as possible and reconsol'idated to

1.0 oi iso, although the length of storage time does not have as great

an effect on the strength as was found for the samples wh'ich were

stored draìned. These conclusions are very similar in princip'le

(though c'learìy d'ifferent in deta'i1) to those found from earlier

programs. Crit'icisms of the chojce of K'o. = K.n. in the earl ier

work, wh'ile justified, do not mean that the earljer conclusjons can be

d'isregarded.

The follow'ing more spec'ific and less princ'ipìe conclusions have

been drawn from the results presented in this thes'is:

1. 0ne-dimens'ional slurry consolidat'ion of iIIjtic clay in the large

steel cy1 inder continued to provìde consìstent spec'imens within

Further Research

7A
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each "cake" and between successive "côkes" in terms of smal I

variations ìn mojsture content. The average mojsture content at

the end of slurry consol idat'ion was found to be s0.6 % with a

s tand ard d ev i at'i on of I .16 % .

For ident'ical ioading conditions, the Àr-va'lues for
one-djmens'ional cyl ìnder consol ìdatjon ranged from 0.jso to 0.56b

with an average of 0.417 and standard deviation of 0.065.

Durìng triax'ial consol'idation, the rr-va'lues for reìoading ranged

f rorn 0 .101 to 0 . ii: wi ür an average of 0 .1ig and a standard

deviation of 0.009.

The Àr-values during triaxjar consoridat.ion ranged from o.itq to

0.274 w'ith an average of 0.2àt ano a standard dev.iation or o.0iz.
The rr-values during triaxial consoridation var.ied from 0.01, to
0.70 with an average of 0.0ão ano a standard dev.iation of 0.006.

During ìsotropic unloadìng of test samples, the porewater

pressures decreased by 94 to 100 % of the correspondìng decrease

'in total stress (that 'is B = g4-IO0 %) .

For samples stored under drained condit.ions, the amount of volume

i ncrease experi enced was f ound to ì ncrease w.ith the 'l ength of

storage tjme. The samp'les stored for 15 mjnutes showed final
volumetric strain increases of 0.1g and o.il "t", while the samples

stored for 1 and 7 days exhjb'ited much greater jncreases of i.gs z

and 6 .72 to A.iA "/", respectìve1y.

For the sampìes stored under undrajned condit.ions, a general trend

of increasìng residual porewater pressure wjth t-ime immedìately

?

?

4.

5.

6.

7.

o
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after unìoad'ing was observed. Final values of the ratjo

,r/r.i*erefound to be 79.Z% (15mìnute storage), tiS.gZ
(1 day storage), and 89"7 and 50.1 % (j day storage periods).

9. For samples stored undra'ined and reconsol idated us'ing the same

procedure, the length of storage time had no apparant effect on

the stra'ins observed durìng reconsol.idatjon.

10. For samples stored dra'ined and then reconsolidated usìng the same

procedure, an increase'in both the axial and volumetric stra'ins

dur.ing reconsol'idatjon was observed for samples stored for longer

periods. Also, an 'increase in the porewater pressure parameters

m and A, was observed for longer storage periods. Thìs.is due to
a higher degree of sample disturbance from stress release caused

by l onger durat jon storage per.iods.

11. For samples stored undelidentìcal condit'ions, hìgher volumetrìc

strains were found for samp'les reconsolidated to h'igher p'-values.

Also, hìgher ax'ial straìns were observed for sampìes

reconsol idated an'isotropical ly (w'ith some shear stress) compared

w'ith those reconsol ìdated isotropical 1y.

tà. ffre failure envelope of coi=16 kPa and Aoi=18" for the control

specimens and 15 mjnute samples and.oå=11 kpa and Ooi=18'for the

7 day samples established ìn the preced'ing research was found to
apply for the current project.

13. For samples stored undraìned, all i ,..onrolìdation procedures

produced undrained shear strengths similar to the in-sjtu shear

strength of the control specìmens for al I storage periods.
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However, those reconsol'idated isotropically and stored for the

shortest time period did seem to give the best estimate of the

in-s'itu strength. It ìs unfortunate that some experimental error

and scatter were observed for the samp'les stored undrained and 'it

is difficult to make a firm interpretation.

74 . For sampì es wh i ch were slored drai ned, those reconsol jdated to

1.0 oi iso (which is also the in-situ stress state prior to

unloading) wh'ich were stored for e'ither 15 m'inutes or 1 day best

recovered the ìn-s'itu cr. They over estimated the in-sìtu value

by 6 and 4 %, respectìveìy. The samp'les reconsol idated to

1.0 oi aniso underestimated the 'in-s'itu cu value by iZ anO 3l %

for storage tìmes of 15 minutes and 7 days, respect'ively, while

the sampìe stored for 7 days and reconsolìdated to 0.60i iso

underestimated ., by 34 %.

15. In genera'l , al I 3 reconsol'idation procedures overest'imated the

'in-situ Af value for samples stored dra'ined whìle jt was

underest'imated for samples stored drained regardless of the

reconsol'idation procedure. Significant variab'il'ity rlvas observed

for the axial strain at fajlure (eit), porewater pressure

parameter m, and modulus Euo and ìt is difficult to draw any firm
conclus'ions.

16. The data from the present program seemed to fjt'into a generalìzed

crit'ical State l\4odel whjch permits a good understanding of sojl

behaviour.



7.2 Suggestions For Further Research

i. Further research should be conducted on samp'les with h'igher

in-s'itu effect'ive stresses and 0cR values, which are now common

occurrences i n the offshore geotechnicai ì ndustry.

¿. A better understanding of gassy soìl behav'ioulis requ'ired and a

theroretjcal 1y and practìca1'ly sound testìng program must be

imp'ìemented to help contribute to this understanding.

Further work ìs required to compare and evaluate research such as

that described in th'is thesis wìth the effects of samp'le

d'i sturbance due to stress rel ease on real of f shore c'lay sampl es.

3.

B2
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Hìgh Pressure Testing
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4.1 Introduction

As discussed 'in sect.ions 1.2 and 3.1, it was des jred to init jate

new technology at the Univers'ity of l\4anitoba jnvest'igatìng the stress

release effects assoc'iated with deep water soil samplìng. Foundation

pi'ìes for offshore structures are commonly pìaced in water depths

exceedi ng 200 m and over s0 m i nto the sea bed. For proper

geotechnìcal desìgn, soì1 sampf ing for subsequent strength test.ing

should be performed at these depths. To faciritate testing at these

h'igher consol'idat'ion stresses at the university of l'4anitoba

(ov = +oo Lpu and u = 2000 kpa), modifications were reguired to both

the test'ing equipment and test procedures from those used in the low

pressure testing portion of this thesis. These modjficat'ions as well

as the results obta'ined wil i be di scussed here.

n.ã tr'¡axial Cel I tlodif ications

4pp_qqi¡_A - Hiqh Pressure Testins

776

The maximum cel ì pressure requ'ired for these tests was was

approximatel y 2.4 MPa. This is well above the maximum operatìng

pressure of 1.5 l.1Pa for the exìst'inq triaxial cells. Therefore, the

capacìty had to be increased. Th'is was achieved in three basic steps.

Fig. 4.1 shows a schematic d'iagram of the h'igh pressure triaxi al cel l.
First, the exist'ing clear luciite sleeve was replaced with a nickle
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plated, carbon steel sleeve which has a much higher rupture strength.

Second'ly, the t'ie rods used to clamp the sreeve to the ce j I base were

repìaced wjth high tensile strength steel. Last'ly, the connectjon

between the rotating bush'ing and axial road piston housing and the top

of the sleeve was made stronger. Also, a better seal was required

between the the pìston and the rotating bush.ing. A circular ',t,liper,,

seal was instal led to faci I itate this.

n.i fest Procedure Ètodifications

It was desired to fol low the same test procedures as much as

possible that vrere used in the low pressure testing portìon of this
thesis (see Section ¡.2 for details) so that consistent conclusions

could be made. This could be attained for the most part. However a

potentìaì prob'lem during the unloading of confìning stresses r,las

foreseen. Fig.4.2 shows the predicted isotropic unloadìng curve for
a sample with an in-situ stress state of o,) = o; = +OO kpa with

u = 2000 kPa (assuming B =1.0). As can be seen, a potential negative

porewater pressure of -400 kPa could be induced in the specimen when

the confin'ing pressure was reduced to zero. It is bel ieved that the

water in the pore structure of the c'lay specìmen would be able to

sustain these high tension stresses. However, there is a potential

for the wateLin the draìnage leads surrounding the porewater pressure

transducer to cav'itate, since the cavitation point of -100 kpa would

be exceeded. This would lead to incorrect porewater pressure
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readings. To reduce the risk of this cavitation, three modifications

were imp I emented .

First, the pedestaì base of of the triaxial cell was modified so

that the porewater pressure transducer could be instal led immed'iately

below the base of the test specimen, as shown in F'ig. A.ã. This would

reduce the volume of fluìd that would be subjected to the high

negatìve porewater pressures. Secondly, it was decjded to rep'lace the

water in the drainage leads with a bentonite-water slurry m'ixture. It
was postulated that the introduct'ion of the smal I clay part'icles would

increase the tensile strength (that is, the cavitation point) of the

flu'id above that of pure water due to increased electromagnet'ic

bondinq. Fìna'l'ly, a high a'ir entry ceram'ic disc was used ìn place of

the conventional porous filter stone so that cav'itation within the

filter stone would not occurr.

A.i Results

Durìng the trjax'ial consol idation, two hìgh pressure samples were

attempted (T790 and T791 ) . unfortunately, both were destroyerJ due

fi rstl y to fau'lts in the consol idatjon process and secondly, to
equìpment failures. Each sample and jts destructjon wil I be

descri bed.

Triaxial consol idation was conducted in the same

the low pressure testing, that'is, a one day ìoaciîng

consol idation stress with a constant load increment

manner as for

period for each

ratio of 7.29.
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However, the effective stresses were approximately five times hìgher

than that of the low pressure testing. At the end of the 6th road

increment (p'=170.0 kPa, q=116.6 kpa, and u=I7i5 kpa), the cell

pressure was increased and the additional axial load was applied to
bring the stress leve'ls to Þ'=2I9.ã tpu and q=150.i tpa. The moment

that the axial load was applied, the sample (T790) r^ras 'instanily

sheared. It i s bel i eved that a shear fai I ure occurred due to a

continual buj ld-up of excess porewater pressure with successive load

jncrements. The one day t'ime perìod between each stress increment was

not long enough to allow for dissipatìon of excess porewater pressure.

Fig.A.4 shows the curves of v vs. 1og(tìme) for each load increment.

It can be seen that the incremental volume change for each successive
'load increment increased for the same time perìod (one day). Th'is is

evidence of porewater pressure bui'ld-up with time and eventual'ly the

undra'ined shear strength of the cì ay was exceeded, 'leadì ng to an

undrained shear failure.

A second speciman (T79r) was then installed 'in the hìgh pressure

trjaxial cel I to again attempt the consol jdation process. To heìp

al low for d'issipat'ion of porewater pressure buì'ld-up, the conf ining

cell pressurewas increased approximately z-3 hours prior to the

addit'ion of ax'ial load for each load increment. A'lso, the volume

change with t'ime and the percent consol idation was monitored. Every

second or th i rd i oad i ncrement, the sampì e was al I owed to consol idate

for an extra day or two. This prov'ided for extra time for partìal

porewater pressure diss'ipation as well as keeping the consol'idatjon
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perjod as short as possible. This seemed to al lev.iate the problem.

However, durìng the night of the gth road increment (p,=rB¡.r kpa

and q=193.7 kPa), a major 'leak occurred around the outside of the

piston. All the water in the triaxjal cell and the air/water exchange

tank leaked out of the cer I and consequenily, the conf in.ing pressure

was iost. Ì,'Jith the high axial load on the p'iston and no confin.ing

pressure, the sample was again sheared ìnstant'ly.

It is unfortunate that these problems occurred and no posit-ive

data was obtained. Due to time constra.ints in the program, flo more

h'igh pressure test'ing was attempted. hth'ile no useful results with

respect to the earlier work reported in th'is thesis were obtained, the

tests have been recorded here to p'lace on record the work that has

been done and some of the difficulties that might be encountered in

future testing at high pressures.
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