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ABSTRACT

The time dependent lateral égfarqaticns of the clay

Iy

foundation of an oilsands mine tailings dyke are analysed in

"

this thes?s_{?hé lateral deformations analysed were recorded

by several inglinometers over a period of approximately four

years. Based on the nature of the lateral deformations and
Ha?“
piezometer é:adings in the clay foundation it is postulated

that  the movements are a result of a draiﬁedx creep
mechanism. C
On the basis of lgbsra;aéy tests ﬁke foundation clay is
normally consolidated, stiff, medium :Plastic and contains
approximately two percent organic mélter and four percent
calcium carbonate,A series of oedometer tests demonstrate
"that the clay has a 'low' secondary compressibility
, -
according to ﬁ;sfi's(1§73) classification. | .
Incremental drained creep triaxial tests were performed
on samples with the bedding plane he;izéntal and at an angle
of 45°.It 1is shown that éhe creep behaviour of the clay is

2

L . . - s . , Lo
1sotropic and insensitive to normal stress.Furthermore,it is

demonstrated that the axial creep strain rate ,after all
excess pore pressures have dissipated, follows a

relationship of the Singh-Mitchell (1968) type.

An analysis of one set &f inclinometer readings is
presented which illustrates a method whereby the creep
parameters in the Singh-Mitchell (1968) equation can be

s . . ) . N ) 5 :
derived from field shear strain versus time curves, The .time

from the actual initiation of creep to the time pt wvhich the

v ' 3



inclinometer was installed 1£.fis ideptified

parameter in the field creep relationship.
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‘1. Introduction

A

1.1 General

Surface mining of the vast reserves of the Athabasca
oilsands deposit began in 1967 on a large scale when the
Suncor (then G.C.0.S. - Great Canadian Oil Sands) oilsands
plant began production. 1In 1978 a second plant, Syncrude,
began production and others are planned for cégstru:tiaﬁ in
the 1980's. The location of the Athabasca ocilsands deposit
and the forementioned plants afe shown ‘on Figure 1,1,

Extraction of the bitumen from the sand by the Clark
hot water process creates large vclumesi of tailings
consisting of sand, silt, clay, water and small quanfities
of bitumen. For an oilsands plant producing 100,000 bar:e;s
of oil per day approximately 150,000 cubic meters véf
tailings are produced daily.

The disposal of these tailings creates the need for
large capacity tailings ponds. Tailings cannot be disposed’
of in the open pit mine during the first years of production
80 a separate tailings structure has .tfaéitiaﬁally been
built close to the plant site. The tailings structures at

the Suncor and Syncrude plants have been constructed

.accd?ding to the upstream method (see Mittal and

Morgenstern, 1977). Compacted tailings sand comprises the
supporting shell and the remainder of the tailings forms the

beach and pond of the tailings disposal structure.
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The tailings dykes at the Suncor and Symcroude plants
are raised in stages usually with a freeboard of one year in
tailings output. The stage construction of thesé structures
allows the performance of the supporting shells to be
monitored with instrumentation. Design can be optimized
through rational interpretation of the structure's
performance, Such a pgli:y of ;effcfmance monitoring has
been pursued at Suncor's Tar Island tailings dyke and
provided the impetus for this thesis.

In 1975 at the request of a Design Review Panel,
convened by Albérta Environment to review the feasibility of
the continued raising of Tar Island Dyke, several
inclinometers were installed to monitor the lateral
movements of the clay foundation. The time dependent lateral
movements displayed by these inclinometers are the focus of
this thesis. As the inclinometer readings were accompanied
by a plethora of information on foundation geology,
geotechnical properties, pore pressures and construction
history this case history represented a unique epp@ftunity
for the investigation of time-dependent lateral

displacements beneath embankments. .

1.2 Lateral Displacements Beneath Embankments
It is of vggue to briefly review the possible stress
- ]
paths in soft clay foundations in order to cast the lateral

deformations beneath Tar Island Dyke in 'a  conceptual

] -# -



framevork, The predidtion and analysis of lateral
disp;acgmen}s in seff‘*fﬂﬁﬁggéifns beneath embankments has
been afforded much %esé attention in the literature than
vertical displacements. Perhaps this is because lateral °
éisplacemehts are much harder to predict and recorded less
often than vertical displacements. Potlos (1972) suggests a
number of reasons for their poor prediction. Recently
Tavenas et.al (1979) and, earlier, Rutledge and Gould (1973)
documented numerous case histories concerning lateral
displacements beneath embankments.

Tavenas et.al (1979) presented some gimple eméirical
methods for predicting lateral displacements of normally
consolidated clay foundations. Figure 1.2 is taken from
their paper and shows. possible stress paths in clay
foundations during construction of embankments., It is of
value to follow the stress paths shown éﬁ Figure 1.2 with a
view to understanding the mechanisms causing lateral
deformations, ‘
From O' to P' the clay consolidates and the istfesses
l mever towvards the 1limit state or yield surgace, Lateral
deformations in this region of overconsolidation are uéually
rapid because of high /ﬁgi;:;\af Cv. When the stress path
intercdepts the yield surface all defarﬁatiaﬁs become
undrained. The stress path will follow the yield surface to
failure as shown by Tavenas et.al (op.cit.) unless

construction is halted.
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Figure 1.2 Total and effective stress paths under an
embankment during construction (after Tavenas et.al, 1979)
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The foundation clay will follow this stress path if it is
4

allowed to consolidate before reaching failure. It should be

noted that creep movements can occur along any of the

reviously mentioned stress paths. The importance of creep

‘.U‘

to lateral movements depends upon the geametry: of the
embankment and foundation, the creep susceptibility of the
clay and the ccnstru;ticn sequence of the eﬁbankmenti
Pie?gmetEfs in the foundation clay of Tar 1Island Dyke
are recording either dissipation of excess pore pressures
wvith time or steady state pore pressure conditions. This
indicates that the stress path for tMe foundation clay is on
a line similar to P'-Q' in Figure 1.2, It therefore follows
that the lateral deformations are a result of consolidation,

creep or some combination of both,.
=~

e
=

1.3 Objective and Scope

The objective céi>this thesis is the understanding of
the time dependent lateral displacements beneath Tar 1Island
Dyke.

Chapter 2 presents the construction history, site
cénéiticns and - selected instrumentation ‘readings for the
clay foundation. Chapter 3 is a review of the available
literature on the creep behaviour of soils. The laboratory
program to investigate the creep behaviour of the foundation

clay is detailed in Chapters 4 and 5.



Chapter 6 examines the characteristics of the lateral

displacement versus depth and time curves from the

inclinometers. Chapter 7 outlines the overall conclusions of
the investigation and presents recommendations for future

research.
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2. Tar Island Dyke - Site Conditions and Instrumentation

> 4

The purpose of this chapter is to present a brief

2.1 Introduction

summary of the construction history of Tar lsland Dyke and
selected data concerning fodpdation conditions and
instrumentation. Most of the material regarding construction
historg is taken from Mittal and Hardy (1977) and the Design
Review Panel (1977). The information regarding foundation
conditions and instrumentation ihas been provided by the
designers of Tar Island Dyke, Hardy Associates Ltd (1978).
The field program to secure soil samples for laboratory

testing is also recounted in this chapter.

..

2.2 Construction Histbry
Tar Island Dyke vas originally conceived as a low, 12 m
high conventional earthfill dyke of waste ;overburden with
suffiéient volume to store tailings until exploited'portigns
of the mine became available for disposal of tailings.
Construction began on» this low dyke in 1965 and continued
intermittently until 1967 when it was apparent that tailings
volumes were greater than anticipated and that the continued
construction of a conventional e#rthfill dyke to store the }
tailings would be prohibitively expensive. It should be
stated that during these early pioneering days even

essential tailings dam design parameters such as the bulking



factor ééulé, at best, only be estimated.
In November of 1967 application was made to the Energy

Resources Cgfiservation Board (ERCB) of Alberta to raise the

dyke with hydraulically placed sa tailings instead of

with Thventional

continping earthfill dyke. The

I'ication was approved and since 1968 the dyke has been

built wi hydraulically placed sand tailings according to

the upstream method of construction. Aerial photographs of
Tar Island Dyke &t different stages of construction are
shown in Plate 2.1. It is of benefit to briefly summarize
the construction procedure for the dyke.

The dyke consists of a compacted dogynstream zone and an
unéampaated beach zone which retain a pond as shown in
Figure 2.1, The compacted zone is constructed by spigotting
from a tailings pipeline into a cell which is enclosed by a
peripheral berm, 1.5 m to 2.0 m high. A cell typically has
dimensions of 30 m to 90 m by 300 m to 460 m. Attached to
the spigot point. on the tailings pipeline is a deflector
spoon wvhich has‘the effect of spraying the exiting tailings
and thereby inhibits the féfmatién of a stilling basin
beneath the spigot point. Cangequentlyithe tailings velocity
in the cell is increased which prevents premature
sedimentation of fines, in the cell. Sand ‘settles from
suspension in the tailings stream in the cell and is
subsequently distributed within the ééll by a caterpillar
tractor. The action of the tractor is sufficient to increase

the relative density of the sand in the cell to above 75
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percent. The tailings stream with sand and fines in
suspension exits from one corner of the cell through a
spillway box. The suspended sand and fines sediment from the
tailings stream and form the beach which has an average
slope of approximately 8 percent to the center of the pond.
A layer of sludge, composed of fines and oily water,
overlies the beach sand in the tailings pond. Sufficient
sté;age capacity is created each Year by constructing the
compacted section of the dyke for only part of the year,
During the rest of the Year tailings are over-boarded
directly into the pond.

]

The forementioned method of construction has been very

successful wvith the exception of a few minor downstrea
liquefaction failures of the compacted zone in 1972, (E??'
and 1974. These failures have since been avoided with local
improvements in construction procedure. The stability of.fhe
Tar Island Dyke is discussed in detajl in thL Design Rleew
-Panel (1977) report and will not be discussed in this
thesis,

The downstream face of the dyke has an overall slope of
three horizontal t; one vertical. There are berms for access
at apppoximately 13 m vertical intervals. Seepage through
the dy is controlled by blanket drains composed of plant
éoke. 11 seepage collected in the drains is now returned to
the pogd. In 1979 the dyke had reached a height of 89 m and

ultimgtely it is planned to raise it to 97.5m.
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2.3 Foundation Characteristics

2.3.1 Geology

Tar Island Dyke rests on the active floodplain of the
Athabasca River. The abutments of the dyke are the Athabasca
River §gllgy walls which are composed of Clearwvater
Formation shale and McMurray Pormation oilsand. The common
stratigraphic sequence in the general area consists of
Recent deposits overlying Pleistocene glacial deposits which
rest unconformably on the Cretaceous Clearwater and McMurray
Formations wvhich, in turn, unconformbly overlie a Devonian
limestone. The meandering ingised Athabasca River has
completely eroded all Pleistocene and Cretaceous sediments
in the site specific area. The foundation stratigraphy
consists of muskeg overlying a Recent deposit of silt and
clay overlying sand vfizh, in turn, rests Qn; the Devonian
limestone. Cobbly gravel is usual just above the
sand/limestone contact. The clay deposit, which will
occasionally be referred to as Tar Island clay,should not be
confused viéh the basal clay shales of the McMurray
Formation (see Dusseault and Scafe, 1979).

The original foundation investigations for the dyke
wvere undertaken in 1964 and 1965. Since then there have been
numerous gtﬂér investigations (see summary in Design Review
Panel, 1977). An isopach map of the silt and clay deposit
based on the 1964 and 1965 borehole logs is given in Figure

2.2. The thicknesses of silt and tlay encountered in
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selected boreholes drilled in 1975 are also shown on the
isopach map.

The silt and clay deposit originated by sedimentation
in an abandoned meander of the Athabasca River. The basal
sands rep{esent an Athabasca River bed load sediment yhich
vas deposited prior to complete cutoff of the neander.‘ The
major source of sediment to the meander was undoubtedly
suspended silt and clay from overbank flows when the
Athabasca was in flood. This genesis implies that the
deposit should be coarser at its margins. There 1is also

evidence of essentially still water deposition in the form

of numerous calcium carbonate shells throughout the deposit.

2.3.2 Gcotﬁchnical Properties of Silt and Clay Deposit

The deposit 5§nsists of interbedded silt and clay with
occasional sand lenses. Silt and sand predominate towards
the margins of the deposit: From 34 grain size analyses on
1964 and 1965 samples the deposit averages 20 percent sangd,
63 percent silt and 17 ‘percent clay. The deposit also
contains varying amounts of coal fragments, calcium
carbonate shell material and organic material.

Before imposition of the dyke the deposit was medium
stiff with undrained strengths ranging from 45 kPa to 90
kPa. The undrained strength over effective stress ratio
(Cu/p') was 0.45. Of course, the undrained strength has
increased with time as the deposit has consolidated under

the weight of the dyke.
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The 1liqQuid limit of the deposit varies from 24 percent
to 65 percent and the plasticity index varies from 4 percent
to 37 percent,. The Atterberg limit test results from the
early investigations are presented in Figure 2.3. The"~
plasticity is greatest where the clay 1is thickest. The
compression index,Cc,from the results of 16 oedometer tests
averages 0.28. The results of effective shear strength tests
performed by Hardy Associates Ltd. (1978) are presented in

Chapter 5.

2.4 Field Sampling Program

A sampling program ;as undertaken in the fall of 1979
to obtain samples of the foundation clay. The prpgram was
coordinated with the annual installation of instrumentation
by the dyke designers ,Hardy Associates(1978) Ltd., in the
critical section of the dyke betveen Stations 56+00 and
65+00. A MaYhev 1000 wet rotary rig mounted on a Nodwell
tracked vehicle was used for all sampling.
| The main requirements for the samples vere ‘that they be
reépresentative of the clay in the critical section and,
furthermore, that they be as undisturbed as practicable. To
this end, it vas‘attempted initially to obtain samples from
beneath the 303 m berm using 10.2 cm-¢ _Sshelby tubes.
Unfortunately,‘céntinuaL sloughihg of the hole Wwithin the
tailings' sand piecluded sampling at the chosen location on

the 303 m berm. The instrumentation program dictated that



60{ - .
50

404

Plasticity Index, P.I., %

Casagrande ‘A’ Line
Pl =073 (L. L. -20)

o —— — ———
O 10 20 30 40 5 60 70
Liquid Limit, L. L., 9%

Pigure 2.3 Atterberg limit test results

¥

80

- .

90

100



y
the rig be moved to the 291 m berm so samples vwvere
eventually obtained there. The inside diameter of the shelby
tube sampler had to be decreased from 10.2 to 7.3 cm as the
rig did not have sufficient capacity to pull or drive the
larger shelby tubeé; ’

The test hole log, §79-109, ;t vhich the samples ver;
obtained is included in Appendix A. The location of the test
hole is shown §n Figure 2.4. The description of the samples

is given in Chapter 5.

2.5 Foundation Instrumentation

2.5.1 General

Tar Island Dyke is heavily instrumented with
piézemeters to monitor the seepage regime in the tailings
sand and in the foundation. Foundation piezometers are
concentrated at Stations 56+00 and 65+00 where the clay
deposit is thickest. Numerous inclinometers -ta mcnit;r
lateral deformation of the clay deposit are also located at
these two stations. Vertical deformation of the clay deposit
is not monitored directly but is routinely estimated xfrgm
vater content change and thickness change as determined by
aperiodic drilling programs. 7

Because of the abundance of instrumentation data, only
the readings from selected instruments will be reported

here, Figure 2.4 shows the locations of selected
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i

instrumentation in plan while Figure 2.1 presents the same

instrumentation in section.

2.5.2 Foundation Piezometers

The reaéings from the foundation piezometers at Station
65+00 from the 303 m and the 291 m berm are illustrated in
Figure 2.5. The readings from the 277 m and 264 m berms are
shown in Figure 2.6 On every pore pressure plot a 'steady
state' line 1is shown. This line represents the estimated .
pore pressure regime in the clay layer at the end of
consolidation. The pore pressure at the base of the clay
layer is equal to that in the basal sand which“is in direct
communication with the Athabasca River. The pore pressure at
the top of the clay is governed by the seepage regime in the
tailings sand and has been determined from piezometer
readings or estimated.

It can be seen from Fiqure 2.5 that the clay deposit
beneath the 303 m berm has excess pore pressures. and is
consolidating. Recently piezometers have been installed
upstream of the 303 m berm and these instruments indicate
that the clay deposit there has excess pore pressures and is

. . ~ & \ ) )
consolidating. From Figures 2.6 and 2.7 it can be seen that

%]

the. clay deposit from the 291 m berm downstream is
essentially fully consolidated. It follows that stresses on
the foundation caused by recent dyke construction are not
significant enough to ‘induce pore pressures in t he

‘foundation clay downstream of the 291 m berm.
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2.5.3 Inclinometers

A number of inclinometers have been installed in the
dyke since 1976 to monitor lateral movements of the
foundation. The Sinco Digitilt inclinometer has been used
for all slope indica%ar installations at Tar Island Dyke
(see Savigny, 1980 for description of inclinometer
characteristics). The readings from five inclinometers,
numbered $76-101, $78-101s, S76-102,5$76=-103 and 576-104,
have been selected for review. Their plan location is shown
on Figure 2.4 while their position in section is shown on

Figure 2.1,

The bases of all inclinometers are founded in the

limestone to provide a fixed reference point for calculation
of lateral movements. Inclinometer readings covering the
period September, 1976 to May, 1980 were made available to
the writer by Hardy Associates (1978) Ltd. on magnetic tape.
Hardy Assag}ates (1978) Ltd. also made their inclinometer
data reduction computer program available. Several
modifications were made to the program and it is of value to
briefly review the important data reduction steps.

As a first step, the average of the A :aﬁpcnentvand the
B component Headings were multiplied by an instrument
constant to give the horizontal displacement in each of the
A and B directions, The vector sum of the A and B
displacements vwas then computed to give the maximum
horizontal displacement, irrespective of orientation, at

each  depth. The tacit assumption was made in this



calculation step that the maximum displacement is in the
normal section to the longitudinal axis of the dyke. The
displacements were then cumulated from the fixed base
reference point in the standard manner. The program was
modified to incorporate computer graphics and a plot of
- cumulative horizontal displacement with depth for
inclinometer S76-101 is illustrated ip Figure 2.7,

The shear strain was calculated in a similar manner and

is given by:

8 = Arcsin(AsC)*100% 2.)
vhere X = shear strain
A = vector sum of average A and average B

component readings

(o = instrument constant

A plot of shear strain versus depth for inclinometer $76-101
is given in Figure 2.7. Similar plots to those presented for
inclinometer S76-101 are included in Appendix A for the

other in:ligamgters enumerated previously.

2.6 Nature of Foundation Movements

The inclinometer plots illustrate that the clay deposit
is experiencing time dependent shear strain. The basal sand
is also exhibiting shear strain with time. However, the

tailings sand above the clay deposit does not show any shear
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straining. The dyke appears to be moving essentially as a

rigid body on its foundation.

The time dependence of the shear strain in the
foundation materials may either be a consequence of creep or
of lateral consolidation. It is considered that creep is the
dominant mechanism causing the time dependent shear strains
Since:

1.. Shear straining is occurring in portions of the
foundation where any excess pore pressures have already
dissipated. This is apparent in the top and bottom
portions of the clay deposit and in the full thickness

¢ of the clay deposit downstream of the 291 m berm.

2, A mechanism of lateral consolidation necessitates
compression in the horizontal direction. However lateral
strains are in the order of 0.04 percent which is
insignificant compared to the shear strains of 1 percent
to 3 percent over the same time periad.

As a consequence of these observations the remainder of

the thesis is directed towards defining the creep behaviour
of the clay deposit,



3. A Reviev of the Creep Behaviour of Soils

3.1 Intrﬁdu:tiaﬁ

The creep deformations of soils are an important
consideration in a wide variety of geotechnical problems.
These problems range from the time dependent settlgments of
foundations, after all excess ‘pore pressures have
dissipated, to the time dependent deformation of soft
_embankment foundations which may eventuaily fail in creép
rupture before any excess pore pressures have dissipated.
The estimation and.impéftan:e of creep deformation in design
has been the subjeét of considerable research, especially
over the last twenty years. Most research has been directed
towards understanding the creep behaviour of soils in the
laboratory. Regretably, there are few case histories of
field behaviour, with the exception of long term settlement
of foundations, which 1link a rational design approach to
actual field ‘behaviour. Of necessity then, this review of
creep behaviour is restricted to a review of laboratory
investigations,

Creep is defined here as time dependent deformation
under a sustained change in stresses, exclusive of
hydrodynamic effects. Creep in soils depends upon a host of
factors which include time, temperature, soil type, soil

structure, stress history, stress state and drainage

[y 1

conditions. Figure 3.1 illustrates the wide variation of

27
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creep response among different soil types.
There are two approaches to the investigation of the

creep behaviour of soils according to Ladanyi (1972). fThe

first is a fundamental appfag:%, vhich he termed the
micromechanistic approach, in which creep Eehaviaur is
related to events occurring at the partfgle level. The
‘second is a phenomenological approach, which he termed the
microanalytical approach, in which creep behaviour is
related to macroscopic experimental findings. A brief
outline of the principal vork in soil mechanics in relation
to the fundamental approach is presented in section 3.2.
This outline has been included because it adds to our
understanding of soil behaviour, but kept brief because it
has not yet bégn successful in providing constitutive
relationships that can be used in practice.

The phenomenological approach is presented in sectien
3.3 in more detail than the fundamental approach as
constitutive relationships, albeit empirical, have evolved
from this approach which are used in practice. The creep
rupture strength of soils as determined from laboratory

creep tests is discussed in Section 3.4.

3.2 Thc_rund::nnt;i Approach ,v  = , ,,;fh.;;%,_
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3.2.1 General

There have been a humber of researchers vhaéhave
developed theories to explain and predict the creep
behaviour of soils on a particle interaction level. Most of
these theories can be grouped into three categories. The
first category is that based upon the viscosity of the
adsorbed iiger layers around clay particles which was first
advocated by Terzaghi (1941) and Taylor (1942). The second
is rate process theory which was popularized in sqil
mechanics in the 1960's by a number of researchers incluéing
Christensen and Wu (1964) and Mitchell et.al (1968). The
third category is that originated by de Jong (1968) which is
based upon considerations of a cavity channel network model
for the soil pores. A brief review of the main elements of

]
each of these theories will now be given.

3.2.2 Considerations Based on Viscosity of Adsorbed Water
Clay parti:igs are surrounded by a layer of adsorbed
water that has a'bénding and structure which is different
than the pore water (see Mitchell, 1976). The presence of
these adsorbed water layers was known in the early 1940's
and gttgmﬁtg vere made to explain secondary consolidation in
terms of their viscosity. Taylor (1942) was one of the first
researchers in soil mechanics to hypothesize that the
viscosity of the adsorbed water laye:s vere of substantially
higher magnitude than that of the pore water and,

furthermore, thatf the adsorbed water was responsible for the
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viscous component in the effective stress-strain-time
behaviour. .

Terzaghi (1941) postulated that, after ﬁrimarg
consolidation, the load carried by the soil was somehow
distributed between grain to §rain -contacts and - adsorbed
vater bonds. Secondaty censclidatizz?nas thought to, be the
t;me dependent transfer of load from the adsorbed water to
the grain to grain contacts. He also held that the viscosity
of the adsorbed water bonds increased as the particles moved
together and, therefore, the load tfansfef occurred at an
ever decqeasing rate.

Walker (1969a) used this hypothesis to explain the

independence of volume creep rate on stress level, He

contended that the increase in the structural viscosity of

the adsorbed water bonds was counteracted exactly by the

increased shear stress.

One methof of validating the influence of the viscosity

of the adsorbed water bonds on Secondary consolidation is to
replace the adsorbed water and pore water in a soil by an
inert liquid such as carbon tetrachloride or benzene. Both
Leonards and Girault (1961) and Mesri (1973) have conducted
such experiments and have found that the nature of the pore
fluid has some influence on the rate of secondary
consolidation, Havg?er, both authors agree that the presence
of adsorbed water is not necessary in order for secondary

c . .
consolidation to occur.

¥



Barden (1965) summarized the iiark of Terzaghi and
Taylor and contended that they are in agreement on the
following points:

1. Primary and secondary consolidation are part of a single
continuous process.

2. The seat of secondary or creep effects is gradual
readjustment or remoulding of the so0il structure
initiated during primary consolidation.

The rate at which the secondary compression proceeds is

L]

strongly influenced by the viscous effects of the
adsorbed water layer., ;

The hypothesized influence of the vis:ésiﬁy of the
adsorbed water bonds lends some fundamental basis to the
" development of rheological models to predict secondary
consolidation. A rheological model is some combination of
springs, dashpcts‘ and sliders that has a mathematical
analogy that fits observed soil behaviour. The dgshpcts

ity

fgpreéent the adsorbed water bonds, Because the visco
hypothesis is tenuous rheological models must remain
primarily phenemenclagica%i

Hume:cus‘fhealegieal models have been proposed for the
stress-strain-time beﬁavigur of soils. Barden (1965), de
Jong (1968) and Mitchell (1976) summarize the majority of
these madglsﬂ The more important rheological models are
those by Gibson and Lo (1961), Christensen gndgﬁu (1964) and
Komamura and Huang (1974). Gibson and Lo (op.cit.) developed

a rheological model that accounts for both primary and
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secondary consolidation. Taylor and Merchant (1940) were the
first to include secondary compression in a consolidation

=;;£§ary but did not relate their theory to a rheological
medéIT*StﬁiéEtie (1964) demonstrated that the rheological
model develaégé\by Gibson and Lo (1961) is equivalent to the
Taylor and Herchant€§1940) theory.

Mitchell (1976) notes that most mathema;%ial
expressions from rheological models are complicated and'hane
has yet been proposed which is as simple as the three
parameter relationship presented later as Equation 3.2,
Simple rheological models which would have potential use are
not used because they inccffectly predict infinite

settlement. Due to their complexity rheological models are

not used extensively in creep modelling of soils and will

not be discussed further.

3.2.3 Rate PEQEESiAThEQFy

Rate é:ccess theory is based upon the proposition that
atoms, imélecules or particles (termed flow units)
participating in a time dependent deformation process are
constrained from movement relative to each other by virtue
of energy ,barriers which Separate adjacent energy positions,
]In order for a flow unit, a soil particle in this !EESE; to
move . to a new equilibrium position it must acquire
sufficient éngrgg to surmount the imposed energy barrier.

This -energy is called the activation energy and it has some

frequency of occurrence. A shear stress distorts the energy
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barriers allowing flov units to move preferentially in the
direction of disto;ticn_

Rate process theory was first proposed by Eyring (1936)
and became popular in the soil mechanics literature in the
1960's. Mitchell (1976) provides a compact overview of its
significance to different aspects of soil mechanics.
Mitchell et.al (1968) proposed the following eguation
derived from rate process theory to determine the creep

strain rate:

—

& = (2 X)KT/h)exp(-aF/RT) sinh(fA/2KT) 3.
vhere X - = a functicﬁ of the number of flow units in
the direction of deformation and the
average cempénEnt of displacement due to a
single unit mounting the energy barrier
K( = Boltzmann's constant, 1.38 x 10" '‘erg/°® K
\ikplanck's constant, 6.624 x 10-*’erg/sec
TS SR .
= free énéfgy of activation calories/mole
= universal gas constant, 1.98 cal/°K-mole

= average shear force on each flow unit,

dynes

A

= separation distance between successive

T

equilibrium positions

.
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Several authors, including Murayama and Shibata (1964),
Mitchell (1964), Christensen and Wu (1964), Wu et.al (1966)
and K;izek et. al(1977), have shown how shear strength,

consolidation and creep of soils can be related to rate
‘ 4 ™

process theory. Due to its complexity rate ﬁ;acess theory
has not been vidély used in practice and remains primarily a
‘research tool.

3.2.4 A Model Based on a Cavity Channel Network

De Jong (1968) introduced a concept of primary and

»
2

secondary consolidation that models the soil pores as
cavities of differing compressibilities linked together by
channels with differing rmeabilities. During primary
consolidation pore water drains from the accessible cavities
and the ambient excess pore water pressure eventually goes
to zero. However, in a certain number of cavities linked to
the network by channels of low permeability, the excesé pore
Ppressure remains greater than zero. The slow drainage of
water from these cavities gives riée to secondary
consolidation.

De Jong\(op.cit.) develops a constitutive relationship
from this model in a rigourous stochastic manner and proves
that the cavity channel model yields the same equations as a
rheological model also developed in the same paper. Due to
its complexity the model has only been employed by a few

other researchers (see Holzer et.al, 1973).

N



3.3 The Phnnéiinaiagicil Approach
The phenomenoclogical approach is the endeavor to
produce empirical relationships that predict creep behaviour

o1y on QbSEfved;Ereep behaviour in the laboratory.

based st
Singh and Mitchell (1968) contend that an empirical creep
relationship must satisfy the following general
reguirements:

'. It must be applicable to a reasonable range of creep

stresses.
2. It must describe the behaviour of a range of soil types.
3. It must account for both linear and curved relationships

between strain and the logarithm of time.

e

It must contain parameters that are easily determined.
The most widely accepted empirical relationship for -
soil is that by Singh and Mitchell (1968) which has the

following form:

g« AED(1/t) 3.2
‘where ¢ = strain rate

A = a censtaﬁt, the strain rate gé unit time
and zero deviator stress

a = slope of the natural logarithm of strain
rate versus deviator stress curves

D = deviator stress

t = time

1 = unit time

m = slope of the natural logarithm of the
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strain rate versus natural A:garithm of

time curves

The stress level term in Equation 3.2 can be replaced by:

[- X}
o]
"
[-]
o
w
w

=aDmay

[- N

wvhere
D = D/D,m‘ = stress level

Dmqy = deviator stress at failure

In order to determine the constants in Equation 3.2 it is
necessary to perform at least two Creep tests at the same
consolidation stress but at different stress levels. The
data is then plotted as the natural logarithm of stréin rate
versus the natural logarithm of time for each stress level
to determine m as shown in Figure 3.2. The same data is then
blotted in a npatural logarithm of strain rate versus
arithmetic Qeviator stress plot to determine « and A as
shown in Figure 3.3.

Mitchell (1976) presented a detailed derivation of
Equation 3.2, Numerous investigations of the creep behaviour
of natural materials since 1968 have demonstrated that
Equation 3.2 applies to a wide range of soils both in
undrained and drained conditions and, also, to some types of
rock (see da Fontoura, 1979). Singh and Mitchell (1968) have
shown that Equation 3.2 can be derived, in part, from rate

process theory. A most important feature of Equation 3.2 is
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that it predicts a continual decrease of strain rate with
time. In other words, steady state creep does not exist for
the materials described by this equatigﬂi Equation 3.2 only
applies for stresses below the long term strength,

Equation 3.2 wvas derived on the basis of laboratory -
data taken primarily from ﬁhe triaxial test, In an attempt,
to develop creep relationships that adequately describe soil
in a general state of stress, Kavazanjian and Mitchell
(1977) found it convenlent to decompose the general creep
'strain and stress tensor into its volumetric and deviatoric

components as follows:

i‘ -
6 = Oy+ O, 3.4
€ = fi* Ep i.5
vhere o = general stress tensor
Oy = volumetric stress tensor
Op = deviatoric stress tensor !
and ¢ = general strain tensor
€ = volumetric strain tensor
< = deviatoric strain tensor

The definition of the stress-and strain tensors are as given
in Fung (1965). They state that each strain tensor component

is related to each stress tensor component by a pseudo
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elastic formulation of the type:

« = 1/Ra6 + 1/Gicp 3.6
vhere R = volumetric tensor operator

o
L]

= deviatoric tensor operator
The characteristics of the tensor operators have been
discussed in detail by Kavazanjian and Mitchell (op.cit.)

It is convenient to review the creep deformation of
soils in terms of the Kavazanjian and Mitchell (op.cit.)
formulation and in terms of the drainage conditions. The
volumetric and deviatoric components of the strain tensor

5 followed

It e

for drained creep will be discussed first. This

by a discussion of undrained Creep.

3.3.1 Drained Creep . .
Drained creep is time dependent deformation under
sustained constant effective stress where the boundary
conditions during testing allow volume change. Drained creep
deformation has a volumetric and deviatoric component in all
stress states in the laboratory with the exception of
isotropic consolidation in a triaxial test where the
deviatoric component is zero.
"3.3.1.1 Volumetric Component

The volumetric component of drained creep s

traditionally sdferred to in the literature as secondary
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compression or secondary consolidation. It is referred to as
'secondary’ because it has been considered as deformation
occurring after primary consolidation. This notion 1is, of
course, incorrect (see Gibson and Lo, 1961) as creep
deformations must also occur during the dissipation of
excess pore pressures. Both terms will be used
interchangeably in this thesis. The writer prefers the term
drained creep.

" A substantial amount of research has been conducted in
the laboratory on the factors influencing secondary
compression. Most researchers have chosen to use the
oedometer for the investigation of secondary compression
because of its simplicity and because the measurement of
volume change in other testing devices over long periods of
time presents difficulties. Since oedometer testing is so
common it is of value to review briefly the boundary

conditions of this testing device. -

§j!f.;‘D , V 3:7

It follows that:

£ = ¢, = T"‘E& : 3-‘
where ¢,., = principal strains
¢ = volumetric strain

= maximum engineering shear strain

The effective stresses are related by:
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6; = 0, = K, O 3.9
vhere 6,., =principal stresses

K. = coefficient of earth pressure at rest

Other testing equipment such as the triaxial test, the
plane strain test -and the simple shear plane strain test
have also been used to investigate the volumetric component
of the drained creep tensor. It is customary in all tests to
determine the amSLnt of secondary compression by plotting
the void ratio, e, against the logarithm of time. The slope
of the curve, shown in Figure 5.1, after the dissipation of
eéxcess pore pressures is referred to as the secondary
compression index (after Mesri and Godlewski, 1977) and is

defined by:

a = e/ logt 3.10
vhere a = secondary compression index
e = void ratio

t = tige

The coefficient sof secondary consolidation, Ca is given by:
-
Ca = a/l+e, 3.11
The secondary compression index may be a function of
time, stress history, consolidation stress, load increment
ratio, shear stress level, stress state, stress path, -

duration of previous stress and temperature. The influence
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of all these factor will now be discussed. Except where

noted, the researchers mentioned in the followving discussion

have used the cedometer.

It is widely assumed, as first proposed by Buisman
(1936), that a 45 independent of time. That is, the slope of
the void ratio versus logarithm of time curve is constant.
Bjerrum (1967), in his Rankine lecture, assumed that Ca was
independent of time, as did Walker (1969a) and Kavazanjian
and Mitchell (1980). However, Lo (1961) examined the
behaviour of both remoulded and undisturbed clays and found
that Ca decreased, remained constant or increased with time
depending on the soil type.

Lo (op.cit.) also found that secondary compression went
to zero with time, usually within three weeks. Conversely
other researchers, ngtably Bishop and Lovenbury (1969),
found that secendary‘}ampressign from triaxial and oedometer
tests on undisturbed clay continued for over three yearsfjk

It is of value to further elaborate on the dependence

of Ca on time. Equation 3.11 can also be written as: .
/

’ L= (Cad(1/t) N 3.12
wvhere ¢ = volumetric strain rate

If the natural logarithm of volumetric strain rate is

plotted versus the natural logarithm of time, as shown in

i



Figure 5.5 the curve can be expressed by a rglat%enship of
the type:

. m '

&= A(1/t) 3.13
The effect of consolidation shown in Figure 5.5 is neglected
in the derivation of Equation 3.13. If Equations 3.12 and
3.13 are eqﬁated it is apparent that Ca is a céﬁstant; i.e.
independent of time, only if the parameter, m, is equal to
one. éThis has bee; previously recognized by Singh and
Mitchell (1969), Barden and Poskitt (1969) and Walker
(1969c) among others.

Although Ca may not be independent of time most
researchers have found the parameter, m, in Equation 3.2 to
be independent of time. As an example, Tavenas et.al (1978)
have plotted their volumetric creep data from triaxial tests
on undisturbed St. Alban clay in the same form as Equation
3.2 and have found the parameter, m, to be independent of
time. This suggests that m 'is a more fundamental parameter

than Ca.

Consolidation Stress

There is some controversy in the literature concerning
the dependence of Ca on consolidation stress. However, ﬁest
researchers, including Mesri and Geéleiski (1977) and
Murayama and Shibata (1964), agree that Ca increases with
increasing stress below the preconsolidation pressure, pc,

and reaches a maximum in the vicinity of pc. It is above the

e



maximum that the controversy appears. Some researchers,
including Murayama and Shibata (1964), Schiffman et.al
(1964) for one of the soils they tested, Ladd and Preston
(1965), walker (1969a), Lo (1961) and Shen et.al (1973),
contend that Ca is a constant above Pc. Others, including
Wahls (1962), Schiffman et.al (1964) and Mesri and Godlewski
(1977) maintain that Ca decreases vith increasing stress
above pc. Fiqures 3.4 and 3.5 illustrate examples of the
dependence of Ca on consolidation stress. It is of interest
to note the Mesri and Godlewski (1977) only tested soils
that displayed dependence of thg compression index, Cc, on

consolidation stress above pc.

Load Increment Ratio

The load increment ratio is defined here as the net
added load divided by the total previous 1a§d,Apfp. Several
researchers, inclﬁding Mesri and Godlewski (1977), Leonards
and Girault (0961) and Gibson and Lo (1961) have documented
that the shape of the consolidation curve is dependent on
the load increment ratio. This is illustrated in Figure 3.6,
taken froﬁ Bjerrum (1967). However most resgar:hers,i
including Wu et.al (1978), Bjerrum (1967), Barden (1969),
Wahls (1962) and Mesri and Godlewski (1977), have concluded

that Ca is independent of the load increment ratio.

Shear Stress Level
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The effect of shear stress level on the magnitude of Ca
has been investigated only sparingly. This is a conseguence
of most research being undertaken with the oedometer where
the shear stress level is a constant. Murayama and Shibata
(1961) found a shear stress level dependence of Ca for
undisturbed Osaka clay using the triaxial test. Walker
(1969a) using the simple shear plane strain test and the
triaxial test found the volumetric creep rate to be
independent of shear stress level. His data is il}ustfated
in Figure 3.7. Kavazanjian and Mitchell (1980) cited WwWalker
(1969a) to justify their assumption that Ca is independent
of stress level., Yudhbir and Mathur (1977) found that the
volumetric creep rate was independent of shear stress level
up to a yield value where it decreased to zero.

Analysing their creep data géccéding to Equation 3,2

Tavenas et.al (1978) found a dependence of volumetric strain

rate in the triaxial test on shear stress level and
expressed it in the form:
m .
= Bf(6')(t,/t) 3014
where B = constant

f(o6') = stress function

They found, using different stress paths, that the stress
function could be represented by the equations of lines of
equal volumetric strain rate in stkess space. They did not

produce these equations for the stress function but did



suggest they would take the same form as the equation of the
limit state surface (yield surface) for the clay. Figure 3.8

illustrates the shape of the stress function. .

Stress State

The effect of stress state on the magnitude of Ca has
been investigated only sparingly. Again, this is a
consequence of mos® research on Ca being conducted using
only the oedometer. Walker (1969a) found a minimal effect of
stress state on the value of Ca between the triaxial and
simple shear devices for tests eg remoulded kaolinite.
Schiffman et.al (1964) found %ittle difference between Ca
determined from isotropic triaxial cgﬁsalidgti@ﬁ tests and
oedometer tests. Bishop and Lovenbury (1969), from oedometer
and triaxial tests, and Wu et.al (1978), from triaxial,
pPlane stain and simple shear plane strain tests found little
dependence of volumetric creep strain or strain rate on
stress state. There appearg to be a consensus that stress
state has only a minimal effec on volumetric ' creep.Of
course, this canclﬁiéan is og}ijalid for soils which have

isotropic creep pEGPEFEiES_

Stress Path

Tavenas et.a] (1978) in a comprehensive series of
triaxial tests using different stress paths found the
parameter, m, in Equation 3.2 for the volumetric creep

strain rate to be independent of stress path. Conversely,
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Yudhbir and Mathur (1977), found that the volumetric creep

rate was dependent on stress path.

Duration of Previous Stress

The duration of the previous stress may have some
effect on the subsequent volumetric creep rate according to
Mesri (1973). Bjerrum (1967) demonstrated that delayed
compression, i.e. secondary compression, induces a pseudo
preconsolidation stress on the sample. It has already been
shown in this section that pre:ansélidatiaﬁ has an effect on
the volumetric creep. 1I1f, however, the subsequent load is
higher than the pseudo preconsolidation stress then the
duration of the previous load has a minimal effect. Wu et.al
(1978) and Barden (1969) found no effect on the subseguent
creep of- the sample from the duration of the previous

1

consolidation load.

Temperature .

An increase in temperature will cause an increase in
the creep rate for all creep conditions. Rate process theory
demonstrates this admirably. However, the temperature must
be changed substantially according to Bishop and Lovenbury

(1969)and Mesri (1973) before the effect is measurable.

£

3.3.1.2 Deviatotic Component

The deviatoric component of the drained creep strain

tensor has not received much attention in the literature.

.
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Again, this is a consequence of the majority of researchérs
using the oedometer for the investigation of drained creep
behaviour. It' is revealing to note that Equation 3.8
demonstrates that the maximum engineering shear strain in

oedometer is equal to the volumetric strain. It then

”
=
0} ]

follows that the maximum shear strain rate must be dependent

on the same factors as the volumetric strain rate for the

oedometer stress state. Furthermore,it should be a function
of shear stress level but this cannot be investigated with
the oedometer.

Kavazanjian and Mitchell (1980) state that deviatoric
component of the drained creep strain tensor can be

described by a relationship of the type given b Equation

eir data fits a relationship of the form:

3.2. The yesults of Tavenas et.al (1978) are in agreement
with this, b

m
Y = Alg(6')](t,/t) 3.15
vhere Y = shear strain rate
A = constant

g(6) stress function

and
t -2, -3 316
vhere ¢, =axial strain rate !

O-

=volumetric strain rate
[ Y
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Figure 3.9 shows the form of the shear stress function. It
is apparent that the shear strain rate is a function of
shear stress level but,for their data, not in the simplified
form given by Equation 3.2. It is of interest to note that
the value of m in Equation 3.14 is the same as that in
Equation 3,15,

Walker (1969a) also investigates the influence of shear
stress level on shear creep rate, a parameter which 1is
analogous to Ca, for triaxial and simple shear tests on
remoulded kaolin. His results are illustrated in Figure
3.10. A linear relationship between shear Creep rate and
shear stress level is indicated in Figure 3.10 which is
independent of consolidation stress. Yudhbir and Mathur
(1977) also have shown that the shear creep rate is
dependent on stress level and also on stress path,

In summary,deviatoric creep strains under drained
conditions are a function of stress level ,stress path and
time.A relationship of the Singh-Mitchell type appears to

fit the laboratory data of most researchers reasonably well,

3.3.2 Undrained C::;p

Undrained creep results from the application of a
sustained total stress under conditions of no volume change.
It then follows that the Creep strain tensor contains a
deviatoric component, only. During undrained creep the pore
pressuges change with time and, hence, the effective stress .

during undrained creep is not constant.

~
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. The most common laboratory apparatus for performing
undrained creep experiments is the triaxial test. A fev
researchers have also used the plane strain device and the
simple shear plane strain device. The prevention of leaks
during undrained testing in all three devices is difficult.
‘ Poulos (1964) presented a comprehensive summary of sources.
~of leaks in the triaxial test which is of great value for
designing undrained creep test programs,

or undrained Creep testing it is customary to plot the

w

development of axial strain and pore pressure with time for

different s%ress levels. Typical examples of such pore
pressure plots are shasn in Figures 3.12 and 3.13. Singh and
Mitchell (1968), Edgers et.al (1973) and Holzer et.al (1973)
all found the axial strain rate to be adeguately represented
by Equation 3.2. Tavenas et.al (1978) found that axial
strain rate can be described by a relationship similar to
Equation 3.2 but with a stress fﬁncticn that has a similar
form to that shown in Figure 3.9,

It is of interest to note that Tavenas et.al (1978)
found the parameter, m, in Equation 3.2 to be independent of
drainage conditions and stress path. This is in agfegﬁent
wvith Singh and Mitchell's (1968) contention that the
parameter, m, is a material constant. Edgers et.al (1973) in
an extensive seried of simple shear tests with no volume
change and undrained triaxial tests on undisturbed, highly
plastic, very soft, backswamp clay found that m was

dependent on stress state and, also, a function of whether

5
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the sample was b consolidated isotropically or
anisotropically. They also found the stress level term, a,
in Equation 3.2 to be a function of stress state.

Krizek et.al (1977) performed a series of undrained
Creep tests on remoulded kaolin which was prepared with a
number of different microfabrics. The microfabrics varied
' from highly random to highly oriented and were identified
vith the scanning electron microscope. They found that m was
a function of void ratio and anisotropy as shown on Figure
3.11, The yertical Specimens ;xhibited larger creep
deformations,f.e. a lower value of m, than the s;mples cut
in the horizontal direction. The strgss level parameter, a,
was also found to be a function of void ratio and
anisotropy.

Walker (1969b) conducted a series of undrained triaxial
tests on Leda clay to determine the development of
deviatoric strain and pore pressure with time. He chose to
pPlot these two variables against the logarithm of time and
found a bilinear relationship for each. The initial 1linear
relationship vas attributed to redistribution of pore
pressure. He proposed a functfonal relationship between
axial strain and pore pressure which was based on their
similar relationship to time.Usfo;?bnately an  exact
formulation of this function was not given.

Holzer et.al (1973) ran a series of undrained triaxial

tests on undisturbed San Francisco Bay Mud to investigate

the nature of undrained pore pressure response during creep.
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They found that the pore pressure response could be’
decomposed into two parts. The first was essentially time
independent and due to the application of an increased
deviator stress. The second wvas time dependent and due to
the arresting of secondary consolidation. They were able to
decompose the pore pressure response in this way by
determining the pore pressure response of an isotropically
consolidated sample at zero deviatoric stress. Their-data is
presented in FPigures 3.12 and 3.13. It can be seen from
Figure 3.12 that increased tiﬂg for secondary consolidation
resulted in a lowering of the ‘time dependent pore pressure

response during shear,

3.4 Creep Rupture

A soil may fail under the sdstained action of a creep
stress at undrained strengths substantially lower than the
strength measured in 'normal’' undrained tests. A failure of
this type is referred to as creep rupture. Mitchell (1976)
attributes the discrepancy between the normal undrained
strength and the creep rupture strength to ééther
deterioration of cemented bonds by creep strains or pore-

pressure generation under undrained conditions which

decrease the effective stresses to failure. .
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3.4.1 Undrained Conditions

It is important to appreciate that, although the
ﬁnégaineé creep ruptu}g strength is :ub:tnnti:ll; less tﬁin
the normal undrained strength, failure is still ggvgrned - by
the effective strength envelope. Campanella and Vaid (197¢)
demonstrate this fact conclusively using o :o:prghensive
series ' of undrained cfeeputest results on und:sturbed Haney
clay.

Finn and Snead (1973) conducted a series®of undrained
creep rupture tests on undisturbed Haney Clay Ec _determine
the cause of the discrepancy between :te;p rupture strength
and the ‘normal’ undrained strength. They found that the
creep pupture strength could determined from a relationship )

of the form:

, w * ' ,
Oc= Guy + K2 3.17
vhere & - creep strength e
Guy = upper yield strength .f'
K = a constant
4 = minimum axial strain rate
n = gonstant, 3 for Haney Clay

Figure 3.14 presents iquitién 3;17 in graphical form. Thei
significance of the minimum axial strain rate is shown in
Figure 3.15. The upper yield strength, first proposed By
Murayama and Shibata (1958) is the creep stress belov which

failure will not occur. According to Finn and Snead (1973)
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it is equivalent to the undrained gstrength determined from a
constant strain rate test run at a strain rate sufficiently
slow to alloy complete equilization of pore pressure within
the sample. It then follows that the discrepancy betv;en
‘normal’' undrained strengths and creep rupture strength is a
result of the high strain rates, 1 %/min to 2 %/min, usually

employed for 'normal’ undrained strength tests.

3.4.2 Creep Rupture Life

It is of interest to be able to predict the time to
rupture in a creep test vhen the creep stress is greater
than the upper yield strength. The time period from the
initiation of creep to creep rupture is termea the creep
rupture life. Saito (1965) presents a relationship between
creep rupture life and any transient strain in the

‘tertiary' range as:

& = a/(t -t) 3.18
where = transient strain rate in the 'tertiary'

range at optional time

te = creep rupture life 4
t = optional time
a = constant

a

Saito (op.cit.) demonstrates hy graphical means how Equation

3.18 can be used to correctly predict creep rupture life.
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Singh and Mitchell (1969) have also presented an
empirical method for predicting the time remaining to
failure for creep rupture tests. They plot &t, which they
called the creep coefficient, versus the logarithm of time.
This method applies only to soils with the parameter, m,
less than one. They found, for a given 80il, that the value
of the creep coefficient reached a unigque value just
preceding the onset of failure. They calculated the time to

failure from:

(tp/t,)' = 8t /2, ) 3.19
vhere tg = time to failure j
t, = feferenceeﬁime
a = slope of ¥t versus log of + o
’zt; = creep coefficient at failure, unique and
\ known . (
i, = creep coefficient at reference time

Extending the work of Saito(1965),Finn and Shead (1973)
found that creep rupture life was related to minimum strain
rate during a creep rupture test by a relationship of the

form:

b ]
log,et = 0.751-0.9210G,.2,., 3.20
where t = creep rupture life
qun = minimum creep strain rate

3? \
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Equation 3.20 is similar to that proposed by Saito and
Uezaya;(1961). Finn and Shead (op.cit.)state that Equation
3.20 is valid for a variety of soils.

A disadvantage of Equation 3.20 is that the time since
initiation of creep must be known in order to calculate the
ramaihing creéep rupture life. Finn and ShePd (1973) overcame

this disadvantage by developing a relationship of the form:

ty= C/? . 3.2
. where t,, = time remaining to creep rupture
C = constant i
4 = current accelerating creep rate

Campanella and Vaid (1974) have furthered this approach to
include the effect of stress state. They performed a series
of creep tests on undisturbed Haney clay with the triaxial
device using both anisotropic and isotropic consolidation
and with the plane strain device. They found that the total
rupture life deterﬁineé from the isotropic triaxial tests
was four times longer than that determined from K, triaxial
and plane strain tests.This is illustrated in Figure 3.16
which. also shows the relationship given by Equation 3.20.
Campanella and Vaid (op.cit.) also demonstrated that the
axial strain at the minimum strain rate is independent of

the creep stress. This is shown in Figure 3.17 which also

‘L'

illustrates the much higher creep strains from the isotropic

triaxial tests.
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Mitchell (1976) provided a simple method to obtain the
constant, C, in Bguation 3.20 using the parameters from

Equation 3.2. He demonstrated that C is equal to:

C = (1-m)gF 3.22
where € = strain at failure, a constant

The constant, C, can then be used in the following
relationship to find the remaining time to failure:
Inti= 1/(1-m) |1n(C/A)-aD| 3.23
Equations 3.20 and 3.23 can be used to predict ﬁhe remaining
timé to failure using only the parameters in Equation 3.2,
It must be emphasized that the preceding only applies
to stresses above the upper yield strength. Creep rupture
will not occur below tﬁe upper yield strength given any

amount of time.

3.4.3 Drained Conditions

Strength loss during creep under drained conditions has
received much less attention in the literature than under
Uhdraiéedr conditions. Campanella and Vaid (1974) explained
this Ey suggesting that if creep rupture. is a possibility
then it is more likely to happen before drainage can

strengthen the soil. %

—~
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Bishop and ,Lovenbury (1969) performed long term drained
creep tests, exceeding threé';::rs, at stress levels near
peak strength and found no reduction in the effectijve stress
parameters as a result of creep strains. This was
demonstrated for both London clay, a strain softening soil,
and Pancone clay, a normally consolidated soil. Shibata and
Rarube(1969) and Tavenas et.al (1978) also found no strength
reduction as a result of creep strains'in drained tests.
These laboratory results cast doubt on Nelson and Thompson's
(1977) hypothesis that the application of creep stresses to
strain softening soils at stress levels between residual and
peak strength eventually cause a strength reduction of the
§0i1 to residual as a result of deterioration of soil bonds.

The laboratory results from the literature demonstrate
that strengths derived from long term stress controlled
drained creep tests are identical to those obtained from
drained strain tontrolled tests on the same material. Thus,
'it appears that the concept of creep rupture does not apply

to drained creep conditions for soils.
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4. Laboratory "ting Equipment and Procedures

%
4.1 Introduction

In order to assess the creep behaviour of Tar Island
clay a series of drained creep tests were undertaken using
the oedometer ané the triaxial test, This chapter is devoted
to the description and design of the test equipment and to
an outline of the test procedures used for Creep testing.
Recommendations are made for improvements in testing
equipment.

| Available equipment was used for the oedometer testing.
The triaxial systems were designed and fab%icateé eépe:ially
for this testing program. The oedometer testing program was
undertaken first so that preconsolidation stresses could be
calculated and used as a quide in the design of the minimum
pressure requirements for the triaxial cells. All triaxial

creep tests wvere performed at consolidation stresses above

the apparent preconsolidation stress for the clay. The creep

strains determined from the oedometer testing were also used

v . B s
as a guide to the required resolution of the monitoring

systems for the triaxial tests.

L]
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4.2 Osdometer Creep Tests

4.2.1 Testing Equipment

The oedometer tests were performed 'in a temperature and
humidity controlled room which was remote from any sau::e‘af
vibration. Room temperature was maintained within a range of
20.5°C t1°C.

Three samples were tested simultaneously using three
floating ring Clockhouse Engineering Ltd. (Model J42)
oedometers. Stress was applied to the top of the samples by
placing dead weights on a self compensating lever arm system
which had an 11 to 1 load enhancement factor. A reduction to
the vertical stress was not made for oedometer ring friction
because it is generally c@nsiéered to bé negligible. Before
testing, the compliance of each oedometer was investigated
to ascertain if there were any system time effects.

For the compliance testing an aluminum disc equal in
diameter to the inside of the oedometer ring was used inA
place of the soil sample. The disc was enclosed with a
similar filter paper and porous plate arrangement to that
used during actual testing. Weights were added in the same
increments as for soil testing. Displacement versus time
readings were recorded for each 1load increment until the
difference betWeen successive one minute readings was zero.
The resfts from a typical compliance test are shown in
Figure 4.1. The top diagram in Figure 4.1 reveals that most

of the compliance occurs within 30 seconds of adding the
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load. The bottom diagram indicates some hysteresis in the
loading-unloading compliance curves.

ble

The cause of the hysteresis may be irrecover
de{ormation of the porous plates. However, it was observed
that a slight change in the alignment of the lever arm
system induced a change in the linear variable displacement
transducer (LVDT) output. It is considered that most of the
hysteresis is caused by this phenomenom which occurs only
upon removal of the veightsaA The immediate compliance .
displacement from the loading curve was subtracted from the
apparent immediate deformation of the soil for each loading
increment as part of the data reduction., It was found that
the compliance accounted for most of the apparent immediate
deformation of soil which is in agreement with the
theoretical postulate that immediate ?efarmaticn of a
saturated soil under an oedometer stress state is zero.

Hewlett Packard Model No. 7DCT-1000 LVDT's were used to
record displacement. The LVDT's were attached to the
oedometers with a bracket. The threaded bottom portion of
the LVDT extension rod was screwed into the top of the lever
arm immediately above the sample. This = mounting
configuration reduced the disturbance from actidental
knocking or vibration on the displacement readings. k

The transducers were calibrated with a micrometer
before and after testing. The transducers had a linear

travel of 2.54 cm vith a concomitant output of 7.500 volts.

This correspond;zta a theoretical sensitivity for the LVDT



of $+.0003cm. However, the observed sensitivity was in the
order of +.001cm. The excitation voltage for each transducer
vas continually monitored for the duration of each test.
This was necessary since a change, for any reason, iﬁ the

excitation voltage alters the calibration factor for, the

Eranséuseri o

The auggut voltages of the transducers were monitored
with time on a Fluke 33003 2200A data acquisition system
vhich produced a permanent record on paper tape and/or on a
magnetic tape cassette which was housed in a Techtrah 8410.
4.2.2 Sample Preparation

Samples for oedometer testing were obtained from the
shelby tube samples which were acquired during the drilling
program described in Chapter 2. The shelby tube samples,
vrapped in cheese cloth- and waxed, were stored in a 100
percent humidity room to prevent moisture loss before
testing.

Three samples which represented the range in soil
properties available ffD% the shelby tube samples were
selected for oedometer testing. The description of the
samples is given in Chapter 5. The samples were cut to the
innef dimensions of the oedometer ring in the conventional
wvay of cafefu}ly pushing the cutting edge of the oedometer
ring into the sample and simultaneously trimming the excess
s0il. The top and bottom surfaces of the soil in the ring

vere trimmed to produce uniform horizontal planes. Gaps wvere

i



left between the soil and the top and bottom edges of the
ring to allow for proper seating of the porous plates.

The oedometer ring was weighed before and after
emplacement of the soil sample. The dimensions of the soil
sample were measured and, together with the weight éf soil,
used to calculate the initial total density. The tEIZE{EEE
vere collected for index testing and approximate water
content determinations. The entire trimming operation took

approxinate}y one hour. Undoubtedly, some drying of the

sample occurred during preparation.

4.2.3 Testing Procedure ’

The oedometer ring cof;:ining the sample was taken
immediately to the testing laboratory after preparation,
Saturated filter papers were placed in contact with the top
and bottom soil surfaces. Porous plates which had been
saturated in distilled boiling water‘ were then placed
adjacent to the filter papers. Thié assemblage was placed in
the oedometer apparatus. |

The enclosure around the oedometer ring was filled iith
distilled water and tﬁe lever arm was positioned on the
sample. The hVDT was {hreaded into the lever arm and a small
load was applied to the sample to obtain the initial LVDT
reading. The firstv stress increment was applied and the
output LVDT voltage was recorded with time. In the first
five minutes the readings were recorded manually because the

Rinimum time interval betwveen readings for the data

—

[N
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acquisition system was one minute. Thereafter, the data
acquisition system wvas set to record the LVDT output voltage
at predetermined time intervals.

Loads were added to the samples in all three tests in .
increment ratios, 46,/0,, equal to one. The only exceptions
vere .the last twvo increments for sample C1 where the
increment ratio wvas 0.5. An increment ratio of one ensured
that a classical Terzaghi consolidation curve vas obtained
vhich allowed an unambiquous determination of the end of
primary can;olidatZon. Mesri and Godlewski (1977) have
discussed the influence of increment ratio on the shape of
the compression-logarithm of time curve as have Leonards and
Girault (1961). |

The stress at each increment was left for a minjimum of
one day and, generally, not longer than one week before .the
next stress increment was applied. All stress increments
vere maintained for a sufficient time period so that the

secondary compression index could be adequately def%ned,
Increment durations were generally longer for stresses above
the preconsolidation stress where the creep chgrgcterigtics
wvere of primary interest.

vritten to reduce the data and

A computer program wva
present the void ratio versus logarithm of time results on a
computer graphics facility. This permitted daily visual
monitoring of the test progress and enabled a Quick response

to any malfunctions.
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; At the end of testing, the loads were removed in one

step without monitoring the swelling of the sample. The

sample £;§s immediately taken from the oedometer and veighed

for a water content determination.

-

-

473 Triaxial Creep Tests
~ .
4.3.1 General
A total aof six incremental dfaine%'cfeep triaxial tests

wvere undertaken'on Tar Island clay. Three separate triaxial

.

ijzggstems were used which allowed creep tests to be performed

r

]

_simultaneously at three different consolidafion pressures.
- ' I4 e . ’

o h

~The first suite of three tests msed vertical samples with

hbfizcntal‘ggaéing pla%gs. The second suite used ;Rclin;é
samples which had the Bedding plane at 45°. In-all cases the
isotropic consolidation pressure during shear was in excess
of the apparent preconsolidation stress determined from the
oedometer testing.

The triaxial testing equipment and procedures were
designed to determine the influence of anisotropy and
consolidation pressure or water content on the creep

behaviour of the clay.
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4.3.2 Triaxial Testing Equipment

4.3.2.1 General
Three identical separate triaxial systems were

fabricated. Bach system consisted of a triaxial cell, a

hanging yoke with no mechanical advantage for adding
wveights, a system for applying cell pressure, a system for
applying . back pressure, an LVDT to monitor vertical
displacement and a burette to [ provide volume change
measurements. All triaxial tests were performed in the same
laboratory as the oedometer tests. The room temperature was
monitored daily and the results are given in Appendix B.

The design of the triaxial systems followed
conventional standards and only the general ‘aspects of

. design and operation, as these affect testé!resultsi will be

discussed in the'fallewing sections.

4.3.2.2 Triaxial Cells

- The cells were fade of aluminum and were designed for a
maximum pressure of 3500 kPa. The inside diametéf of the
cells was approximately 13 cm and the in;iée height was
approximately 23 cm. The pedestal on the cell base was
designed for a sample diameter of 3 cm but, with a change of
pedestels, the cells are capable of h@usiné 7.5 cm-¢ x 15 em
samples or 3.8 cm-¢ x 7.6 cm samples with lateral strain

gauges. The cell is shown in Plate 4.1

¥
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- Tge top plate of tge cell was connected to the cylinder
and the cylinder base piate gy §ix steel rods. The pressure -
seal at the cylinder/top plate contact was provided by an
D!fingr Th; cylinder arrangement vas connected to the base
plate by six steel threaded studs with wing nuts for easy
removal. The pressure .seal at the cylinder/base 'plate
contact was again provided by an O-ring.

The ;base plate had ports which allowed acceSe-to the
cell interior for sample drainage, ﬁaisuéeéént Qfx sample
pore pressure, cell pressure and electronics. The
electronics p&rt can be used for a lateral strain: . gauge
;;n' interior load cell. The top platechad a port whic
used for filling and emptying the cell. The cell fluid

emptied through the cell pressure port by applying aiy

'U\
‘I'Jﬂ
‘W
"‘1
|

TheAsampie arrangement in the cell intgricrjis shown in
Plate 4.2. The sam mple sat on filter paper and a porous
plate. The top cap rested directly on the sample, Prainage
was permittedgffém the sample base only but top drainage can
inor modifications to the cell. The

be added with only

sample size of 3 cm-p x 6 cm used for testing was not
standgrd so custom membranes vere ‘manufactured at the
University of Alberta according to Madeiros (1979). The
membrane was seated to the top cap é%d'battcm pedestel by
two O-rings at each position. The O-rings fiéted into
grooves aﬁé were tightened against the membrane with hose

clamps. A correction t&/the vertical stress on the sample
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due to membrane strength was not pade because it is
generally considered to be small (see Bishop and ﬁenkél,
1962). Membrane leakage was never observed. Thi%‘is due, in
part, to the use of silicone as a cell fluid as recommended
by Poulos (1964) and Lovenbury (1969). ‘

Load was applied to the sample by a ram through the
égll top. The base of the ram was machined to fit a- ball
bearing which fitted into the sample top cap. This
arrangement ensured that the ram applies load A without
eccentricity. An O-riné' ané .an  0il seal provided the
pressure seal for the r;m/cell «top interface. This seal
.arrangement r?éultéd in a reductioncof'externél load due to
ram friction. The magn{tude of the fam friction was
determined for each cell before testing.

" The magnitudé'pj the ram friction was calculated by
comparing the ‘internal load measured with a load cell(and
the external load épplied‘by the dead weights on the yoke. A
tfpical set of re;uits for a.variety of external loads and
cell pressures is preheﬁtéd in Figurer422. All curves are

parallel to tNKe /curve passing through the origin which

incicates that ram n is independent of the magnitude

of the external load. T intercept of the curves with the
ordinate is equal to the lpbad on the ram end from cell
pressure plus ram friction. By subtracting the former it was
found that ram friction varied from 9 nt to 18 nt and . was

independent of cell ) pressure. A common value of 18 nt for

ram friction was adopted for all three cells. It should be
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mentioned that this value of ram friction  is for static
conditions while the magnitude of the kinematic friction is

probably more applicable to the testing conditions.

4.3.2.3 Pfgé&u:e Systems

A gchegagi: of the cell fluid pressure s}stem for each
cell is shqgn in Pigure 4.3. The cell pressure was applied
by means of two separate Systems.One was a low pressure
syétemf 0 to 1380 kPa, that originated from a compressed air
supply. A Haaré continuous bleed regulator was used to set
‘the desired pressure and an aluminum #losed end cylinder
served as the compressed éir/cell fluid interface, This
system was capable of ma%ntaining pressure within +3 kPa
over sustained §erigds of time. A backup generator was
available fors the compres®ed air pump in the event of a
power -outage. Plate 4.3 shows the aluminum plate vhigh
supports the regulator an§ ‘interface. The , back pressure
system for the sample pore pressﬁrg was identical to thié
system and is shown in Figure 4!43 gi

For cell pressures above 1380 kPa a h%gh pressure
system was fabricated which was similar in detail to6 other
high pressure systems used in the geotechnical' laboratories
at the University of Alberta.. It is " illustrated
schematically in Figure 4.3 and a portion is shown in Plate
4.2. The pressure source was a 17,200 kPa nitrogen bottle. A
simple step regulator attached to the nipple of the bottle

wvas used to decrease the bottle pressure to a lower;safer
/
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Mohr Regulator 1 Hoke Regulator

Plate 4.4 Volume change indicators and back pressure board
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level of 3500 kPa for t%1s testing program Downstream of
the - step regulator was a Hoke 920 regulater which was used
to set the desired cell pressure. An EMG Hydraulics 1Inc.,
hydropneumatic accumulator with a sliding rubber bladder
served as the nitrogen/cell fluid interface. The purpase of

the rubber bladder was to isolate the explosive gas pressure

{

frqm any system leaks. The interior of the accumulator will

corrode if in contact with water so another tluié interface

<

is required downstream of the accumulator if ,in ¥he

future,water is chosen as the cell fluid.

There are some drawbacks*to the high pressure system
‘ N rl . L]

just described. It was difficult to set the Hoke regulator

-

by about 10¥ (in approximately 12 héursh‘befare it
4
stabilized. It is considered that this was a result of air

’ e
at the desired pressure. The chosen pressure inev?ﬁibly fell

going , into solution. Furthermore, thé nitrogen bottles lost
pressure due to inevitable leaks in the system. The cell

pressure dropped by abproximately' 7 kPa per ‘week. The

]

bottles had to be changed every few week;, taking care not.

to disturb an ongoing Creep test. A example plot of

o
[
by |
)

versus ' ‘time for the backpressure system and the high
ﬁressure system is included in Apﬁendix B. 4
Swegloﬁ)brass fittings were used for the entire system,
These fittings have a maximum capacity QE 3500 kPa. If
pressures above 3500 kPa are required for future testing all

brass fittings must be replaced with stainless steel

fittings. Whitey ball values were used to direct flow for

£



the entire system. An advantage of ball vaives over stem
valves is that there is no volume change associated with
their operation.

Copper tubing vith & diameter of 0. 32 cm vas used fgr
the cell pressure system and a2 combination of copper tubing

and polyéthylene tubing was ‘used for thé back pressure

system, . b
- -
A 7000 kPa transducer was used to monitor cell pressure

and a 2100 kPa transducer was used to monitor back pressure.

4.3.2.4 Monitoring ag Sample Deformation

= The axial deformation of the sample was meaguredaviéh a
Hewlett-Packard 24DCT-250 LVDT attached to the ram as - shown
in Plate 4.1, The LVDT's.were calibrated before and after
testing. No 51gn1f1cant change in the calibration factors
were observeg. The LVDT's had a linear travel of $0.16 cm
with a concomitant voltage output of $£3.7500 wvolts.This
Eorfespénﬂs to a theafeéical sehsitivity of $+0.000004 cm,
The actual sensitivity observed was closer to $0.00004 cm.

‘The same Fluke data acquisition which was used for the
eedameter testlng was also used for this testing. The data
acquisition unit was used to monitor the .LVDT voltage
excitation and output as well as the output voltage of the
. two pressure transducers,

The volume change of the sample was measured with é
burette which had an apparent sensitivity of $0.005 cc.

Figure 4.4 presents a schematic of the back pressure/vwolume
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system and Plate 4.4 shows the volume change indicators.
) .

Each volume; change indicator consisted of an outer perspex

cylinder with aluminum end caps wvhich housed a 10 cc glass

-

burette. The pressure seal at the aluminum/perspex contact

‘was provided by éﬁ O-ring. A dyed kerosene/water interface

recorded the fluid movement in the burette. The inside of
the burette had to be keféseng wet before assemh&g-sar the
menﬁécus would stick to thelgf%sé.

Tests were performed to determine‘éhe leakage from the
back pressure/volume change System.r An aluminum cylinder.

mple was used for

[+
Lo

encased 'in a membrane in place of the s
these tests. Back pressure and cell pressure were applied
and it was found that the system leakage varied-between 0.05

F 4
and 0.1 cc/day. The possible sources of leakage are

considered to be : |

1. Leakage.through valves and Sweglok fiétings

2. Diffusion through and creep of the polyethylene .32 cm ¢
tubing (see Paulés, 1964)

3. Incomplete saturation éf the system

Each\compénent of the system was checked and replaced

if -faulty. For the second suite of creep tests most of the

polyethylene tubing was replated by copper tubing which
decreased .the féakagi rate by 50%. The leakage rate was
found to be a direct funetien¥af the magnitude of the back
pressure. However, cell pressure had no effect on the
leakage ;ate'which indicated the sample membranes did not

leak. Slight changes in room temperature caused substantial



chandes in the burette feadiﬁQE_

It is considered that tﬁé leakage rate was reduced to
the minimum possible for a system of this design. Further
minor reduttions could be possible if the number of valves
and fittings and the length of tubing vere reduced. Tavenas
et.al (1978) did this by incorporating a burette in the cell
base. Lovenbury (1969)§;unégrtack a series of long term
drained creep tests and fgund leakage rates of between 0.005
and 0.015 cg/diy for similar paraffin burettes. He also
measured volume change with a mercury jaEﬁet around the
sample. These measurements were more accucgate but
reliability problems hampered their long term efficacy.

The problem with measuring volume change with burettes
wasﬂrec@gnized at the beginning of the testing program, It
wa considered that a 1eakager rate corredtion could be
applied to the volume change readings. This'view proved to
be optimistic as the correction was usually greater than the
dctual volume change of the sample within one day after
beginning a-creep increment. Consequently, volumetric strain

with time cannot be reported in this thesis. For the sample

less

-

size used in this testing program a leakage rate o
than 0.001 cc/day was required before volumetric strain with
time could be determined }eliably for any reasonable period
of time. However, it was possible tb estimate the total
volumetric strain during a creep increment which was used in

the calculation of applied stress.
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It is of benefit for future long term drained creep
research to’  review the volume change devices for triaxial

their

testing described in the literature and to asses
applicability to creep testing. The devices are in two
categories; those that directly measure pore fluid exchange

with the sample and those that measure the change in

diameter of the sample, usually referred to as lateral
strain gauges. S

The first category consists mainly of burettes with
various adaptations for continuous automatic data logging. A
fevw systems are described in the literature where fluid
exchange with the sample caused a shift in a mercury system
vhich was autaﬁatically recorded. For descriptions’ of
varibus >types of volume change devices see Lewin (1971),
Mitchéll and Burn (19?1). Rowlands (1972), Klementev (1974),
Menzies  (1975), Sharpe (1978) and Watts (1980). The
épnsitivity of the instruments described by these authors
f&ngéd from $0.002 cc to $0.5 cc. None of these authors

\L . : , —
mentﬂonéd leakage rates, presumably because the instruments
, ,

‘were designed for short term testing. With only a minimum

leakage rate superposed on the maximum sensitivity of the
instruments it is apparent that none would be suitable for
long term drained :réep tests of the type undertaken in this
testing program. ’

The alternative to volume change indicators are lateral

strain gauges. The most common are adaptations of that

described by Bishop and Henkel (1962). Modern versions - such
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as those commonly used at the University of. Alberta employ a
vertically mounted LVDT to measure displacement. Menzies
(1976) describes an adaptation which employs a horizontally
mounted LVDT. An attempt was made to design a gauge for this
éesting program for uée wvith 3 cm-# samples but problems
with mounting the LVDT on a small gauge and bedding errors
caused the attempt to be abandoned. 1In generai, lateral
strain gauges have sufficient accuracy to be used for long
term drained creep tests.

, Eléﬁuiiyih (1976) described a lateral strain gauge
developed at Imperial College which 1is superior to the
conventional design. It consisted of a spring stainless
steel strip which can be shaped to fit amy sample size.

measured with four strain gauges

(1]

Lateral displacement wa
mounted on the strip. One advantage over the conventional
design is that several gauges can be mounted on one sample.
The device has high sensitivity and is very linear but it
appears difficult to calibrate.

In recent years a lateral strain gauge which does not

contact the sam been described in the literature (see
Cole, 1978 and Rahn and Hoag, 1979). The device consists of
a source transducer and an aluminum target on the sample, It

operates on the eddy current loss principle. The device has

m

a  sensitivity of $2.54 x 10 *mm, is imple to calibrate,

?
insensitive to immersion in most 1liquids and is operable
over a temperature range of at least 10°C to -6.7°C. It isg

li

ty of this device be investigated

recommended that the uti
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for long term drained creep tests.

4.3.2.5 Suggested Modifications To Squiﬁngnt

With the exception of the valuﬁe change indicators the
testing equipment performed as anticipated. However, several
modifications are suggested here which would improve the
test results:

1. A honcontacting lateral strain gauge should be adapted
for use with this triaxial cell design,

2. The data acquisition system sh@ulé be upgraded to a unit
vhich allows the time interval between readings tb be
set for each channel individually . This wagla preclude
having to filter small time interval readingé necessary
for one «creep test from another creep test whiech has

~been running for an extended period.

3. Thermistors should be added to each cell so that the
temperature of the cell fluid can be continually
monitored with a data acquisition unit.

4. A more reliable high pressure system must be developed
for laﬁg‘term testing. -

5. The dead weight loading system should be replaced by ab
bellofram so that axial 1locads can be added more

. precisely.

6. The transducer manifold system should be replaced by

individual transdycers for each cell so pressure can be

continuously monitored.



4.3.3 Sample Preparation

Test specimens for triaxial testing were prepared in a
device which alloved rotation of the sample and is shown in
Plates 4.5 and 4.6. Both vertical and inclined samples were
prepared. The samples were prepared by rotating and trimming

away excess material with a sharp knife. Three vertical

samples could be trimmed from one 7 cm long section of the

. The diameter of the shelby tube samples

shelby tube 5aépL§
vas 7.3 cm. However it required 23 cm of shelby tube sample
to prepare one sample inclined at 45° to the axis of the
shelby tube.

A section of a shelby tube sample cut at 45° before
final preparation of an inclined sample is shown in Plate
4.5. The maximum diameter of an inclined sample which could
be prepared from a shelby tube sample of the forementioned

diameter an This constraint determined the maximum sample

size of 3 cm-¢ x 6 cm for all triaxial testing,

weighed. Trimmings were used for

content determinations.

4.3.4 Testing Procedure

4.3.4.1 General
Each drained triaxial creep test - involved three
distinct stages. A B test was performed as the first stage

to select the back pressure 'neeessafy to saturate the



Sample Trimming

Plate 4.6 Inclined

sample after trimming
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sample. In the second stage the sample was subjected to
isotropic consolidation+# in steps to the desired
consolidétion pressure. Finally the sample was sheared at
constant cell pressure by incrementally applying axial loads
vhich were maintained for warious lengths of time. This
latter step constitutes an incremental Creep test. The axial
deformation and voluqs'change vere measured versus time at
each creep increment. At the conclusion of the last creep
increment the sample was sheared to failure by adding 1loads
slowly enough to ensure drained failure. The stress path
just described, 6, constant-o, inéreasingf was the only
stress path studied during the laboratory investigation.

With the available equipment three samples could be
tested concurrentl]y. A suite of three vertical samples was
tested first. The second and final suite of tests used
inclined samples. The vefti:al‘ samples were tested first
because they could be replaced if the test malfunctioned for
any reason. Due to the shortage of shelby tube samples the
inclined samples could not be replaced if the test
malfunctioned. Modifications to the testing technique as a
result of experience gained from the first suite of tests
led to improved test procedures for the second Suite éf
tests.

‘A package of computer programs, developed especially
for this testing program, were used to monitor the progress

b

of each test daily.
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4.3.4.2 B Tests
_ .
The samples were saturated with back pressure at the
start of each test. The back pressure wvas applied under a
slightly higher cell pressure for 24 hours to allow the

sample’ to saturate before performing a B test. The B tests

wvere performed according to conventional standards. The ell
Al
pressure wvas increased by 70 kPa and the pore pressuetugé_iis

recorded with time until it stabilized. This usually took
about five minutes; The calculated value of B was usually in
the range of 0.92 to 0.98. It is considered ugat all the
samples were saturated and the B parameter was marginally

less than one because of sample stiffness.

4.3.4.3 Isotropic Consolidation

Each sample was consolidated in stéps to the desired
cell pressure with cell pressure increments, 4c,/0,, equal
to one. In the first suite of samples the volume change with
time was monitored using the burettes only. This proved to
be unsatisfactory for volumetric strain rate calculations
because of burette leakage, although reliable estimates of
the total volume change could be Saden

For the second suite of samples, both volume ch’wée and

axial displacement with time were measured. The \ axial

displacement was monitored with an LVDT connected to
ram. The ram was seated to the sample by an axial load which
was just in excess the ram friction and the load on the ram

end due to cell pressure. The ram had to be reset with the
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sample drainage line closed each time the consolidation

pressure was increased.

4.3.4.4 Incremental Creep Tests

Axial loads were added to the sample in steps. At each
step or increment vertical displacement and volume change
wvere measured with time. Three increments, referred to here
as extended increments, were chosen for each test where the
stress was maintained ¢constant for periods in excess of
10,000 mins. Since the cross sectional area of the sample
continuously increased during shear loading small loads were
added to the sample to maintain constant stress for the
extended increments only. The changing area was calculated

according to:

A=A, (1-¢,)? 4.1
vhere A = area
A, = sample cross sectional area at the
beginning of present increment
€, = lateral strain (always ﬁegati§e for tﬁis

stress path)

The lateral strain is given by: \

£ & lv‘*iﬂ'; LR = s K .2
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vhere ¢, = volumetric strain (estimated from volume
change readings, based on sample volume at

the beginning of the increment)

€, = axial strain (based on sample height at
A ,
the beginning of the increment)

'
Equation 4.1 is valid only if it is assumed that the

soil is cross-anisotropic. Equation 4.1 can be used directly
with a lateral strain gauge. Despite the approximations used
to estimate ¢, , the tést results indicate that the stress
wvas maintained constant during the extended increments.
Axial loads were added to the sample in small enough
increments to preclude undrained failure. The increase in

axial stress at any stress level Just necessary to cause

undrained failure is given by: N
26, = 5:(1-sina')=5;(1*sin§')/(1%2A)sin¢‘—1) 4.3
vhere 4, = change in axial stress necessary to cause
undrained failure
Y = effective axial stress at the beginring
. | of the increment
6! =~ effective radial stress at the beginning

of the increment

e’ = effective angle of shearing resistance
A = pore pfessur£ parameter

The derivation of Eguation 4.3 1is given in Appendix B.
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Equation 4.3 éan be extended to include cohesion. In order
to use Equation 4.3 it is necessary to knov g' and the
variation of A with stress level. The value of ¢' for this
testing program was estimated initially from strain
controlled shear tests by Hardy Associates (1978) Ltd (see
Design Review Panei, 1977). The value of A was estimated for
each stress level.Equation 4.3 vas used as a check at the
begfnning of each stress incrememt to ensure that the
applied 1load would not cause undrained failure., It can
easily be shown from Equation 4.3 and a simple consideration
of “the stress ~path that ao0,, ﬁt@e' change in axial load
necéssary to cause undrained faglure,dec:eases with
increasing axial load. |

Loads were maintained for periods of 1500 to 5000 mins
at the intervening increments between the extended
increments. The stress was nét maintained constant at the
intervening increments. At the conclusion of the third’
extended increment loads were added until the sample failed.
These loads were added slowly enough so that the failure was
completely drained.

The creep test just described is referred to as an
incremental creep test. A possible alternative to this
procedure is the singie increment creep test where the
‘desired load is added in one step. This type of test is
commonly employed in undrained creep testing of soils and
Creep testing of rock. A single increment creep test cannot

be used in a drained creep ‘examination of normally



99

consolidated soils at higher stress levels S:Eause the

sample would fail in undrained shear due to the generatioﬁ

of pore pressures before exhibiting drained creep. The
influence of the incremental testing procedure on the test

results will be discussed in Chapter 5,

N
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5. Experimental Results

5.1 Introduction

The results from the oedometer test program ,the
triaxial test program and an investigation of the soil
composition are presented in this chapter. The testing
program was conducted primarily to investigéte the creep
behaviour of the clay. Other information regarding shear
strength and compressibility was also acquired during the
course of the laboratory program and is detailed herein. It
vill be shown in Chapter 6 that the relevant state of stress
in the portion of the clay aepésit to be analysed is one of
simple sheér- Simple shear laboratory tests were not
éanéuctgé because Wu et.al and Edgers et.al have that there
are only minor differences between the creep parameters from
triaxial and simple shear tests.

It is demaﬁsﬁra&eé that the creep test results from the
triaxial program fit a Singhéﬁitchell relationship. The
influence of stress state, octahedral stréss, tesﬁ procedure
and anisotropy on the creep parameters in the Singh-Mitchell
equation are discussed. The applicability of the labafatcry
results to the field problem under consideration is reviewed

in Chapter 6.

100
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5.2 Soil Composition
5.2.1 Index Tests

The specimens of Tar 1Island clay were very stiff,
meéium' to highly plastic and contained varying amounts of
silt, sand, organic material, coal fragments and calcium
carbonate shell material. A series of standard index tests
were performed on each sample and the results are 'presented

in Table 5.1. A grain size analysis for each sample is
included in Appendix B.

Horizontal bedding was evident thraughautithe entire
soil horizon sampled. Bedding planes were marked by organic
material concentrated in thin dark seams, less than .10 cm
thick at irregular intervals, and by variations in material
properties. The organic material also occurred disseminated
throughout the seilivfhe bedding planes are evident in Plate
C.3 in Appendix C. |

The plasticity index ranged from 20 to 30 percent and
the 1liquid 1limit varied from 44 to 54 percent. The average

natural water content of the soil tested was approximately

27 percent which is significantly less than the natural
wvater content of approximately 45 percent before dyke
cohstruction. The differénce in water content, of course,
reflects consolidation of the clay due to the imp@séé dyke

load.
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Table 5.1 Sumhary of index test results

. "

Sample Depth w-%  , Density %-Silt %-Clay PL-X LL-%
No. (m) | L) (mg/m?) R 1)

Cl  61.3 28.2 2.68 2.00 62 34 - -
C2  60.0 30.3 2.71 1.98 60 38 - -
C3  60.5 32.8 2.66 1.89 63 32 - -
T 61.5 26.0 2.74 2.02 60 28 23,1 44.6°
T2  61.5 26.4 2.74 1.96 60 28 23.1 44.6
Té  59.6 25.9 2.64 1.99 62 34 23.5 50.0
11 59.1 24.2 2.70 1.98 66 28 23.9 49.8

C-oedometer test samples
T,I-triaxial test samples

‘'")-gpecific gravity o
t?)-plastic limit S
t?)-liquid limit |

ol
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The average 'spgéific gravity of the soil tested vas
2.70 and the average density was 1.97 Mg/m’. Approximately
30X of the clay was clay size material with the majority of

the remainder in the silt sgize range.
Although sampling was undertaken only in one location
over a limited depth, a comparison with the index tests in

Chapter 2 indicate that the samples tested adequately

represent the average properties of the entire clay deposit,

An E%ray diffraction analysis was performed by the
Alberta Research Council to determine the mineralogy of the
clay size fraction. The majority of the clay size fraction
is quartz and the remainder is composed of clay minerals.
The clay mineral assemblage consists of 40 percent illite,35
percentgpﬁntmofillanitei20 percent kaolinite and 5 percent
chlorite., The relative percentage of the clay minerals is
based on the 'peak height method'. From the scanning
electron micrcs:cpﬁk analysis described in the next section
the particles larger than 2 microns are predominantly
quartz.

Two bulk samples were also examined for organic
content, pH and CaCO,. The laboratory procedures used to
determine these quantities are described by McKeague (1978},
The organic content is approximately 1.9% by weight, from
one test only, although it can be locally much higher

because of concentration in thin seams. The pH of the soil
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is 7.9, an average of two tests.

The total percentage of CaCoO, by weight in the soil is
4 percent, an average of two tests. The quantitative
gravimetric method vhich consists of measuring the amount of
CO, liberated after pouring HCl on the soil was used to
- determine the CaCO, content. It is not possible to
ﬂistinguieh among CaCO, in solution in the pore water, CaCO,
pPrecipitated on soil particles, perhaps contributing to
cementation of the soil, and CaCO, in the form of fossil

shells by this method. Because of the conseguentes of soil

cementation on the creéb and shear strength behaviour, a

scanning electron microscope study was undertaken in &n

agtempt to distinguish the form CaCO, takes in the soil.

5.2.3 Scanning Electron Microscope Analysis

A Cambridge Stereoscan 150 scanning electron microscope
(SEM) operated by the Department of Entomology at the
University of Alberta was used to examine the microfabric of
the soil. A Kevex elemental analytical mass spectrometer was

used in conjunction with the SEM to determine the

predominate elements in the soil. The spectrometer has the .

capability of analysing the entire screen of the SEM or any
selected spot on the screen.

Thé samples for the SEM were obtained by cutting
approximately 1 cm cubes from a fresh fracture surface that

uced by manually breaking a shelby tube sample.

S

wa

pr

amples were obtained from both horizontal and vertical

v

W

o
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fracture surfaces. Sample moisture vas removed by immersing
the samples in liquid nitr 195.8°C, then liquid freon

ogen
and finally sublimating thje in a dessicator.

The samples were examined at magnifications ranging

from 25X to 10,000X. Plate 5.1 illustrates the fabric of the
s0il at different magnifications. The elemental analysis
shown on the spectroiheter charts are for the SEM mi:;cgfaphs
vhich show the 4 micron scale designation,

The. lov magnification micrographs fev;al that the soil
is dense with little pore space. ?t higher magnifications it
is evident that silica grains §redaminatg. Clay platelets
occur in groups or masses 5ufraunding thé silica grains. 1In
a number of micrographs siiica grains are joined by
connectors which may be bonds (see Collins and McGown,
1974).

The mass spectrometer results reveal that the

predominate element -in the so0il is silica with lesser

amounts of alu@inup, iron, calcium and éatassium! The
primary sources afh the silica are the particle grains as
confirmed by several spot analysis, The mineralogy of the
clay mineral assemblage accounts for most of the elements
present. Aluminum and silica are present in all the clay
minerals. Iron and potassium are constituents of jillite and
chlorite. Calcium may occur in the montmorillonite. Spot
analyses with the mass spectrometer revealed that iron and
calcium are constituents of most of the connectors between
il grains.These connectors may provide some cohesion but

5§01
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this can only be confirmed witF strength tests.

-«

5.3 Oedometer Test Results

5.3.1 General

Oedometer tests were undertaken as a first step in the
laboratory creep study to inveszigate the creep behaviour of
the soil in a simple way and, secondly, to ascertain some
conventional engineering parameters of the soil such as the
coefficient of consolidation and the preconsolidation
stress. The conventional analyéis of the oedometer test data
is given in this section and the creep behaviour of the soil
is discussed in the subsequent two sections.

Table 5.2 summarizes the oedometer test results for
sample C1. Figure 5.1 presents the void ratio versus
logaritﬁm of time curves for each stress increment of sample
Cl. The test results for samples C2 and C3 are presented in
similar fashion in Appendix B.

In order to compile the void ratio versus time curves
as shown in Figure 5.1, the initial void ratio was
calculated from the initial water content and the specific
gravity. The initial water content and the specific gravity
. was determined on the basis of the entire sample, not on the
preparation trimmings. The void ratio curves vere then
calculated from the displacement readings, allowing for the

compliance of the eguipment,
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Table 5.2 Oedometer test results, sample C1

Incr. Stress Elapsed Void Cvt" Ca mt?) Unit ©

No. Time Ratio \ Strain
Change Rate® ?)
(kPa) (min) Ae (cm?/sec) ' (X/min)
1 47.9 3093 .0113 - .0004 1,14 .049
2 98.2 2230 .0096 - .0009 1.08 .064
3 194.0 2763 .0144 ~ .0010 1.04 .06S
4 386.4 2890 .0240 - .0015 1,03 .095
5. 770.6 2563 .0382-» .0024 .0027 1.05 .17
6 1512 9018 .0628 .0022 .0038 1.08 .307
7 2997 5387 .0754 .0013 .0047 1.06 .333
8 4482 4301 .0472 - .0051 1,08 .322
9 6600 6707 .0316 - .0054 1.01 .273

‘'’Calculated only at stresses above the preconsolidation
stress where possible

‘*’slope of logarithm of volumetric strain versus logarithm
of time curves

‘*’Intercept of 1logarithm of volumetric strain versus
logarithm of time at t=1 min, ignoring consolidation effects

L4
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Void ratio versus logarithm of vertical effective
stress curves, e-log p curves, have been compiled for all
three samples in order to determine the compression index,
Cc, and the preconsolidation stress, pPc. The results for
sample C1 are given in Figure 5.2  and the results for
samples C2 and C3 are included in Appendix B.

Out of interest the e-log P curves are plotted for
three different time intervals; that corresponding to the
end of primary consolidation, the actual duration of the
test which is a variable and +finally,an extrapolated time
of 10,000 minutes. The value of Cc is shown on the plots and
for the longer time curves ranges from 0.25 to 0.31 with an
average of 0.28. The value of Pc is quite sensitive t® the
time interval and ranges from 480 kPa to 900 kPa with a mean
of 650 kPa. Since the clay is normally consolidated the mean
value should be clqse to the effective stress imposed on the
soil by the dyke load at the time and depth éf sampling .

The coefficient of consolidation, Cv, is tabulated for
stresses above the preconsolidation stress of 650 kPa on
Table 5.2 for sample C! and on similar tables for samples C2
and C3 in Appendix B. The magnitude of Cv ranges from 0.0024
cm?/sec to 0.0001 cm’/sec and generally decreases vith\
increasing stress above the preconsolidation stress.

L 3
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5.3.2 Coefficient of Secondary Consolidation

It is possible to analyse the creep behaviour of a soil
from laboratory test results in a number of ways. The most
common for oedometer test results is to determine the
coefficient of secondary consolidation, Ca, according to
Equation 3,11 and plot it against the vertical stress. This
section is devoted to an analysis of this type. Another
possible analytical route is to plot the logarithm of
vertical strain rate versus the logarithm of time and
proceed with an analysis according to Singh and Mitchell
(1968). The next section is devoted to this alternate
approach.

For each void ratio versus logarithm of time curve Ca
was determined graphically assuming that the slope of the
curve is independent of time in the secondary range. Figure
5.3 shows the variation of Ca with vertical stress for all

€ some tendency for Ca to level off

Ve

three samples, There

vith increasing stress, especially where the load increment
ratio drops below one. This is consistent with other work,
such as that by Mesri and Godlewski (1977) and Muryama and
Shibata (1964) vho found that Ca was a ésﬁstant at stresses
above one to two times the pfeéaﬂseliéatian stress.

Mesri (1973) presented a global correlation between
vater content and the coefficient of secondary compression,-
an analogous form of Ca, which ié given here as Fiqure 5.4,
The oedometer test results are plotted on Figure 5.4 and fit

his correlation quite well. Actording to Mesri's (op.cit.)
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creep classification system for the oedometer stress state,

the clay test here has a 'low’ secondary compressibility.

5.3.3 Vertical Strain Rate

As mentiéhed previously the oedometer data can also be
analysed in terms of the lagarighm of vertical strain raééﬂgﬁ
versusl the logarithm of time. The results from the test on
sample C2 are plotted in this manner in Figure 5.5. Sim}lar
plots are included in Appendix B for samples C1 and C3. The
vertical strain rate was calculated, after da Fontoura

(1980), using a moving five point linear regression analysi:

on the strain versus time data. The vertical strain w

calculated on the basis of the sample height at the
beginning of each increment. Analysing the data in this
fashion is not new. 1t was first done by Wilson and Lo
(1965) and, later, by Lovenbury (1969) and Tavenas et.al
(1978).

Each strain rate versus time 2ur§é in Figure 5.5 can be
broken into two sections based on the shape of the curve and
time. In the first section vhich is at times less than tieus
as determined from the void ratio versus time curves,fthe
strain rate continually decreases with time in a nonlinear
manner. The time dependent deformation is a result of both
transient consolidation and creep effects.

In the second section of the curve at times greater
than t,,, the strain rate decreases continually with time

but in a linear fashion. The deformation is considered to be
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entirely a result of creep effects. A linear regression
analysis was used to best fit a line thr§ugh the data points
of this part of the curve.

The slope of these best fit lines is equivalent to the

ue of m for all

st

cheep parameter, m, in Equation 3.2. The va
three samples ranges from 1.01 to 1.29 with a mean of 1.12
(standard deviation=0.07). The values of m for each test for
each sample are included in the summary tables for the
oedometer tests and are plotted in Figure 5.11. The
variation inm is small and is attributable to sample
variations. ’Frcmi this data it is apparent that m is
independent of vertical stress and load increment ratio. It
is assumed that m is independent of the duration of the
transient consolidation effects.

It is obvious from Figure 5.5 that an increase in the
vertical stress causes an increase in the strain rate., To
investigate the influence of vertical stress, the strain
rate at time equals one minute (unit strain rate) for the
best fit 1lines has been plotted againkt vertical stress in
Figure 5.6. This figure shows that the unit strain rate
increases with stress at lower stresses and then appears to
level off at higher stresses especially when the 1load
increment ratio drops below one. It is assumed that
transient cans§}iéation does not effect the position of the
strain rate curves, that is, the magnitude of the unit
strain rate. The best fit lines in Figure 5.6 can be

described by a relationship of the Singh-Mitchell type as
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follows:

. m
&, = A(1/t) 5.1

vhere ¢, = vertical or volumetric strain rate
A = unit strain rate, a function of vertical~

stress and load increment ratio
t = time

m = 1,12, a constant

The difference between Equations 3.2 and 5.1 is the
lack of a sh;ar stress level term in Equation 5.1. This is a
result of the stress state in the oedometer test. Regardless
of the vertical stress the shear stress level is a constant
in the oedometer and it's effect is thereicre included in a,.
It follows from this that the dependence of m, if anyl on
shear stress level cannot be evaluated with oedometer tests.

It must also be added that since m is not precisely
equal to one then the assumption of Ca being independent of

time in Section 5.3.2 is incorrect. Ca decreases with time.

5.4 Triaxial Creep Test Results

5.4.1 General
The results of two suites of drained triaxial creep
tests are presented in this section. Both suites consist of

three samples, each consolidated under different isotropic



[
consolidation pressures. The samples in one suite were

prepared with the bedding Plene horizontal and are numbered
T1, T2 and T4. The samples. in the other suite were prepard
vith the bedding plane inclined at an angle of 45° and are
numbered 11, 12 and I3. The suite of incligeé samples was
tested at 45° to investigate the anisotropy of the creep
behaviour but also to have tée maximum shearing stress along
the bedding plane. The relevance of this stress ‘Qrientatian
to the field problem is diSC@ssed in Chapter 6.

All samples vere consolidated isotropically to
pressures above the avérage preconsolidation stress
determined from the oedometer testing program. The stress
range below the preconsolidation stress was not investigated
in shear since only the fnafmally consolidated creep
behaviour of clays is of iﬁéeres; here and differs from the
overconsolidated behaviour. The final isotropic
consolidation pressures during shear were varied from 740

kPa to 15‘5 kPa between

~ samples which allowed an
investigation of the influende of normal effective stress or
wvater content on the creep bghaviour. This is of importance
in a fielé problem of this tfpe vhere the effective stresses
vary substantially in the lateral and vertical directions.
The test results from tﬁe isotropic consolidation stage
" are presented in the next section., The results from the
incremental creep tests are then presented. Following is a
discussion of the various factors which influepce the creep
parameters in the Singh-Mitchell equation derived from this
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testing program.

5.4.2 Isotropic Consolidation

All samples were consolidated isotropically in pressure
increments, ac6}/d,,0f one to the selected pressure for
testing. It is generally considered that a  sample
consolidated anisotropically along the same stress path it
has experienced in the field will yield results that are
more indicative of the field behavior than an isotropically
consclidated sample. For this field situation consolidating
anisotropically 'sauld have brought the sample to the 60 %
stress level at the beginning of the incremental creep test
vhich would have precluded the study of the creep behaviour
below this stress level. Since the proper definition of the
stress level term in the SinghiHit:hell equation reqQuires
testing at stress levels below 60 X, the samples were
consolidated isotropically, ;>

The isotropic consolidation éesults for the vertical
and inclined samples are presented in Tables 5.3 and 5.4
respectively. The vertical strain and vertical strain rate
versus Eime curves are presented in Figure 5.7 for the last
consolidation step of sagple I12. Similar plots are contained
in Appendix C for the remainder of the consolidation steps
for sample 12 and the corresponding curves for samples 11
and 13. The volume changes for the inclined samples given in
Table 5.4 are calculated from the axial straiﬁ_ readings

assuming that the sample is isotropic. Axial displacement
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Table 5.3 -Summary of isotropic consolidation results,
' vertical samples

Sample o, Volume Height Volume Time B Test
No. Change Result
(kPa) (em2) " (em) (em?*) (min) ter
T 0 0 6.39 45.17 - 0.97
: 165 -0.9 6.35 44.27 1176
559 1 =1.29 6.29 42.97 5592
1103 \Ei.os 6.24 41.88 4328
T2 0 T 0 5.83 40.93 -\ 0.98
ts) +5.,07¢) 6.07 46.00 1116
190 =3.25 5.93 42.75 5523
380 -0.54 5.91 42.21 4433
758 =-0.79 5.87 41.42 4450
T4 0 0 6.15 44.34 - 0.97
187 +0,27 6.16 44.61 4312 :
377 -0.60 6.13 44.01 2740
722 -0.74 6.10 43.28 1441
1500 -1.38 6.04 41.89 4074
o +1,15 6.09 43.04 613
827 =1.51 6.02 41.53 1485
1507 -0.85 5.98 40.70 5734

‘'"’volume change readings are calculated including a leakage
correction :

‘*’burette seriously malfunctioned, replaced, reading only
approximate ' >

‘?’cell pressure reduced to. zero due to leakage of cell
fluid through a crack in cell top, ‘replaced, sample
reconsolidated

‘¢“)backpressure is 207 kPa for all samples

‘*)sample swelled at 0 kPa



Table 5.4 Summary of _isotropic consolidation results,
inclined samples

Sample ¢, Valumé Height Volume Time B Test
No. Change 7 Result
(kPa) (em?) ) (cm) (em?) (min)
I1 0 0 6.70 48.63 - 0.92
365 1.14 6.65 47.49 5790
743 0.85 6.61 46.64 4017
12 0 0 6.81 49.86 - 0.98
334 1.05 6.76 48.81 2600
672 0.77 6.72 48.04- 4145
1386 1.80 6.64 46.24 4549
I3 0 0 6.39 47.35 = 0.96
2N 2.28 6.29 45.08 1405
548 0.85 6.25 44.23 1370
1090 1.25 6.19 42.98 4539

‘*’calculated from axial strain assuming deformation is
isotropic .

‘2)absolute value of slope of logrithm of axial strain rate
versus logarithm of time

‘!’backpressure is 310.3 kPa for I3 and 413.7 kPa for 11 and
12



L N )
L
4
-
4
L

A I T 1—i-rrnr L ML | T YTy

n, %
2.3

A
4
"

.5
A
"

Vertical Strain

: ) _ii-?’g_ ’ ¥
S ETRY L1 e N BT B

2 3 ? 5 N I 2
107t 100 10! 102 10? 1o

Time, min

. . -
- v
. p .
\fi g
\ ]
-3
r lllui.i.i Lilili.‘.l] 4k i i i -ll 3 Al iidi
2 ¥ ¥ 7 8 &Y
10! 10?2 100 108
Time, min

Figure 5.7 Vertical strain and strain rate versus logarithm
of time ,sample 12, consolidation pressure=1386 kPa



125

readings wvere not taken with time for the vertical samples.
The volume changes given in Table 5.3 for the vertical
dﬁhples are from the burette readings and have been
corrected for leakage.

The axial strain in Pigure 5.7 is calculated on the
basis of the sample height at the beginning of the
consolidation increment. The strain rate curve in Figure 5.7
shows the same characteristic shape as the oedometer strain
rate curves. The creep portion of the strain rate curve§ for
all the inclined samples have much steeper slope than the
oedometer samples. Deformation due to creep under isotropic
stresses appears to cease with time especially at the lower

consolidation pressures.

5.4.3 Incremental Creep

"1$e results of the incremental creep tests are
presented in this section. A summary of the test results for
sample T4 is given in Table 5.5. Vertical strain versus time

for each creep increment of sample T4 is given in Figure 5.8

-
-

. The axial strain is calculated on the basis of the sample
height at the end of isotropic consolidation. The st:ess
levels included in Table 5.5 and on Figure 5.8 are the ratio
of the shear stress during the increment divided by the
shear stress at failure. Similar summary plots and tables to

those presented for sample T4 are contained in Appendix C

for all the other samples.

(!
1



Table 5.5

Summary of

sample T4

increm

ntal

Incr. Deviator Stress Stress Time Axial Cumulative
No. Initial Final Lewel Strain Axial Strain
(kPa) (xPa) (%) (min) (x) (%)
1 350 350 13.2 1303 0.34 0.34
2 781 777 29.4 14541 1.32 1.66
3 1070 1068 40.3 1331 0.43 2.09
4 1365 1358 51.4 12747 1.82 3.91
5 1727 1717 65.1 1200 1.14 5.05
6 1982 1947 74.7 2821 2.94 7.99
7 2147 2143 80.9 14538 2.23 10.22
8 2328 2312 87.7 4194  1.02 11.24
9 2434 2395  91.7 7340 2,26 13.50
10 2550 2485 96.1 3317 3.48 16.98
11 2582 2539 97.3 a1 2.24 19.22
1200 2654 2619  100.0 130 1.73 20,95 |

Total duration of tesﬁiEQSBB min, 6;=1507 kPa

{*IFailure

t2)strain at the end of the increment

IR L
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%

consolidation, Cv, the sample drainage conditions, the

ample size and the load increment ratio, AG,/6,. A drained

creep incremental test should be designed so that each of
these factors is manipulated to minimize the duration of the
transient effect.

For the purposes of the interpretation of the test

results reported herein it is assumed that the duration of
the transient effect does not influence the slope of the
linear portion of the strain rate versus time curves or the
position of the curves, that is, the ‘magnitude of the strain

fect. To this

L]

rate for any given time after the transient e
end a best fit sgraight line baéeé oh a linear regression
analysis has been drawn through the linear portion of the
strain rate curves and extrapolated to lesser times ignoring
the transient effect.

A summary of the creep parameters for the strain rate
Plots for all samples is given on Table 5.6. The slope of
the 1lines, m, is plotted against octahedral stress, the
first stress invariant, for all triaxial samples and the
oedometer samples in Figure 5.11. The average value of m for
‘all tests is 1.13, The unit strain ‘rgte for all triaxial
samples is plotted versus stress level in Figure 5,12, It is
observed that the sicge of the curves are similar with the
exception of sample 12 and average approximately 3.0. The
average value of the unit strain rate at zero stress level

is approximately 0.18 %/min with a range of 0.54 %/min to

0.04 %/min,



Table 5.6 Summary of incremental

samples

Sample Stress

132

Creep test results,all

doct n Unit-Strain Duration of

No. Level 7 Rate Increment

(%) (kPa) (X/min) (min)
— - —_— _ : -

T 23.6 1446 1.15 0.28 16742
49.9 1827 1.19 0.84 15754
67.4 2081 1.19 1.8 27255
T2 26.7 880 1.09 0.11 17171
53.8 1004 1.10 0.33 17418
76.9 1110 1.11 0.70 20418
T4 29.4 1767 \js 0.44 14541

51.4 1962 ~711 0.59 12947
80.9 2223 1.10 1.0 14538
I1 36.3 881 1.15 0.25 6800
68.1 1001 1.21 0.60 1431
83.4 1059 1.21 0.88 13189

12 34.2 1618 1.26 1.14 7103
63.3 1816 1.20 1.80 10180
88.0 1984 1.20 5.20 8845
13 32.4 1277 1.00 0.14 7123
61.4 1438 1.06 0.45 10110
84.2 1564 1.06 0.70 9915
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Prom Figqures 5.11 and 5.12 it is apparent that the
creep behaviour of this clay fits a Singh-Mitchell
relationship because:

1. The strain rate versu® time decreases linearly on a
in-1n plot.
2. The creep parameter, m, is independent of stress level.
3. The strain rate increases exponentially with stress
level for a given time.
If the average parameters from all tests are used the
vertical strain rate versus time can be described by a
relationship of the form:
T, = .18e®(1/t) 0 5.2
Although Equation 5.2 holds for the average, it is of value
to discuss the factors which influence the Creep parameters,

A, a« and m in Equation 5.2 in more detail.

5.4.4 Factors Influencing Creep Parameters

5.4.4.1 Stress State

The influence of stress state on the Creep parameters
can be evaluated from a comparison of the oedometer and
triaxial test results. The value of the creep parameter, m,
as shqvn on Figure 5.11 is insensitive to stress state. The
unit strain rate for the oedometer test results are plotted
on Figure 5.12 for an assumed stress 1gve1'faf the cedometer

Stress state and this soil of 61 percent. Again the
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oedometer results are approximately similar to the triaxial
test results. )

It appears from this limited comparison that the
influence of stress state on the creep parameters is small
compared to sample variations. This conclusion cannot be
extrapolated to other stress states such as plane strain
simple shear without additional testing however. The

influence of stress state will be discussed further in

Chapter 6.

5.4.4.2 Anisotropy

The average values of m for the vertical and inclined
samples are 1.13 angd 1.15'respectively. The average values
of a for the vertical and inclined samples are 3.18 and 2.74
respectively. It is apparent that any effects due to
anisotropy are masked by sample variation. Any effect of the
possible cohesion discussed in section 5.2.3 does not

manifest itself in the creep behaviour of the clay.

A Y

5.4.4.3 Octahedral Stress . .

The value of the parameter, m, as shown in Figure 5,11
is insensitive to octahedral stress for both the triaxjal
and oedometér tests. The value of the stress level term, &;
for the triaxial tests does not shot a consistent
relationship with isotropic consolidation stress for either
the inclined or vertical samples. The same is true for the.

parameter A. The equivalent parameter A in the oedometer

tests shows some tendency to a constant value above the
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preconsolidation stress,.
It may therefore be stated that the Creep parameters in
Equation 5.2 are not influenced by the magnitude of the

octahedral stress.

5.4.4.4 Testing Procedure

The effect of the incremental testing procedure on the
Creep parameters in Equation 5.2 cannot be definitely stateé}
since it is not possible to compare the results with single
increment tests. As discussed in Chapter 4 single increment
tests cannot be used to examine drained creep at high stress
levels since the soil will fail in undrained shear before
drainage occurs. An advantage of an incremental creep test
is that the creep behaviour of éisingle soil sample can be
examined at a variety of stress levels. The influence of the
variation in properties between soil samples is thus
eliminated.

The key variable which can be used to manipulate the
results from an incremental Creep test is the stress
increment ratio, ac,/0,. The magnitude of ac,/0, is governed
by Equation 4.3 and must éecrease vith increasing 6,. The
ratio, AG, /o, , governs the duration of transient
consolidation, the relative importance of previous creep

strains on the strains during the present increment and the

Pt

influence of pseudo-preconsolidation on the strains in the
succeeding increments.

"
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Transient Consolidation .

Tavenas et.al (1978) in a comprehensive series of
drained creep tests postulate that the stress increment
ratio must be kept less than 0.3 in order to diminish the
relative effect of primary consolidation strains to creep
strains. The effect of consolidation was probably not
pronounced for the results of Tavenas et.al (op.cit.)
because the soil tested, St. Alban clay, is overconsolidated
at the 1low stresses, less than 50 kPa, used during their
testing program. It is considered that decreasing the

drainage path is more effective than manipulation of stress

increment ratio in reducing the effect of consMidation.

Previous Creep Strains

It is not clear how the previous creep strains affect
the creep strains at succeeding increments. Mitchell et.al
(1969) have examined this problem for undrained Creep tests
on so0il and have related the creep strain rates between

increments by a relationship of the form:

m m 1
2Dy, t )/TD,,t )alt /t ) +(t /t -t+) (SO0, ¢

e = In(Y+1)/(D,-D,) o 5.4

m m
Y= ((t5-t1)/t0) (8D, t;) /8D, ti~(ti/t)) ]
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5.5
The variables in Equation 5.3 are defined in Figure 5.13.
Equation 5.3 was derived from Equation 3.2 with the
assumption that the net strain in the second increment is
independent of the accumulated strain in the previous
increment. Using this equation they find that the creep
parameter, a, is the same for multiple increment tests as

for single increment tests.

Pseudo-Precongolidation

As a sample experiences drained creep the effective
Stress state remains constant but the yield surfaée must
move away from the effective stress point of the sample
because of the decrease in volume of the sample. The stress
increment ratio must be high enough to overcome this pseudo
preconsolidation or the soil may behave in an
overconsolidated manner. This effect can be reduced by
limiting the duration of the intervening stress increments
between the extended increments to the mipimum necessary to

dissipate the pore pressure,

5.5 Shear Strength Results

5.5.1 General
Although the primary objective of the incremental tests
was to evaluate the creep behaviour of the clay, the results

also yield the stress-strain and strength properties of the
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Figure 5.13 Strain versus time relationship-for. step-creep
test (after Mitchell et.a/, 1969) _ .
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clay. The stress strain behaviour is discussed in the next
section. This is followed by a discussion of the strength
properties which includes a comparison with the strain
controlled test results from Hardy Associates (1978) Ltd.

(see Design Review Panel, 1977).

5.5.2 Stress-Strain Behaviour

The results from the incremental tests, as shown in
Figure' 5.7, can also be plotted in the conventional manner
of devia;oric stress versus strain. Such a plot is shown in
Figure 5.13 for sample I13. Similar plots for all other tests
are included in Appendix C.

The stress and strain at the beginning and the end of
each increment on Figure 5.13 are shown and these points are
joined by straight lines. This straight line path represents
the stress strain path followed by the sample during the
test. A smooth line is also drawn through the final
stress-strain point of each extended increment. The smooth

line represents t) long term stress strain behaviour of the

clay. (

The stress strain curves deménstfate that the material
is ducgile with strains to failure in excess of 10 percent.
The clay coﬁtinually compresses during shear, The volume
change curve levels off at higher stresses. -

All samples failed along distinct shear planes and as
with all stress controlled tests, failure was catastrophic.

It is known that the clay is strain softening (see Design
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Review Panel, 1977) but it was not possible to evalute this
characteristic in a stress controlled test. Photographs of
all failed specimens are included in Appendix C. The
inclined specimens failed along bedding and, usuglly.r along
obvious organic layers. The vertical samples failed across
bedding.

It must be stated the sample T2 was not taken to
failure although the final vertical strain approached 14 %,

It is estimated that the final imposed stress is within 5 %

\g?g*he failure stress.

5.5.3 Strength Envelope

A p-g plot of the shear strength results are presented
in Figure, 5.15 for both the creep tests and the strain
controlled tests from Hardy Associate Ltd. The effective
angle of shearing resistance, o', for all tests is 26,5°.
The effective cohesion intercept, c', is zero.These results
are based on a best fit line thfough all of the data points
shown on Figure 5.15, It is apparent that the shear strength
results éet;rmiﬁed from this testing program are consistent
with previous work.

An angle of 24° will be used for the computations in
Chapter 6 as this value is indicative of the shear strength

for the portion of the soil to be analysed.
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5.6 Concluding Remarks

by a Singh-Mitchell relationship. The strain rate
continually decreases with time and is proportional to
stress level for algiven time. The effects of transient
consolidation and the incremental test procedure were
assumed td be negligible in fitting the creep data to the
Singh-Mitchell relationship. The effects of stress state,
octahedral stress and anisotropy on the Creep parameters are
so minor that they c¢annot be detected due to sample
variations., It has,alsa been shown that Ca is not a constant
and decreases with time.

The effective angle of shearing fES{SEEﬂCE obtained
from the stress controlled tests correlates well vith the
previous strain controlled test§ by Hardy Associates. This
demonstrates that ¢' does not decrease due to creep strains

over the duration of the stress controlled tests,



6. Analysis of Lateral Creep Movements in the Tar Island

Dyke Clay Foundation

6.1 Introduction

The lateral movements of the clay foundation of Tar
Island Dyke are examined in this chapter. As discussed in
Chapter 2 it is considered that the time dependent movements
displayed by the_ inclinometers are a consequence of creep
rather than of lateral consolidation. The lateral creep
movements of the clay foundation at Station 65+00 are shown
in Figure 6.1,

A simple analysis of the lateral movements of one
inclinometer is presented sin this chapter. The analysis
treats the boundary conditions in the immediate vicinity of
the inclinometer as uniform and quasi-static. The form of
the creep movements is similiar for all inclinometers. A
more figcraus‘ creep analysis which would treat the
inclinometer movements cq&lectively requires the use of the
finite element method because of the complex geometry and
boundary conditigps.

The creep QgggbIEm must be considered as drained since
pore pressures, vhere they are in excess of hydrgstatic,g
have dissipated significantly over the duration of the creep
movements analysed. It will be assumed as per Kavazanjian
and Mitchell (1980) that the creep strain tensor can be

decomposed into a volumetric and deviatoric component. There
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is some justification for this éssumptian in that the form
of the shear strain versus depth profiles are similar for
regions of the foundation that have different rates of
excess pore pressure dissipation.

Lateral or horizontal strains with time have been
neglggible, in the order of 0.04 %, so volume change of the
clay foundation must be accommodated primarily in the
vertical direction. Vertical displacement readings for the
clay foundation have not been recorded for Tar 1Island Dyke
so the volumetric component of the creep strain tensor
carnot be analysed. However, tétai volumetric strains from
the the beginning of construction can be calculated from
" water content changes as determined from drilling,Using this
method volumetric strains in excess of 20 X have occurred.
Only the deviatoric component of the creep strain tensor
will be analysed here. |

It will be assumed for the purpose of this analysis
that tﬁe creep deformations can be described by an equation
of the Sirgh-Mitchell type. One justification for this
assumption is that the laboratory creep of the clay
described im Chapters 4 and 5§ followed such a relationship,

The analysis then is concerned with defining the
varieﬁgggafameters in the Singh-Mitchell equation. In order
to do this it is first necessary to determine the stress
state in the foundation and cast the Singh-Mitchell equation

in a form applicable to this stress state,
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6.2 State of Stress in Foundation Clay

6.2.1 Introduction

Tar Island Dyke has been constructed in stages from
1965 and by 1980 had reached an elevation of 327 m. It is
intended to ultimately raise the dyke to 335 m. The dyke
crest elevation and pond level elevation rise with time are
shown in Figure 6.2. The effective stresses in the
foundation clay with time are a function of the increase in
dyke load with time and the dissipation of excess pore
pressure with time. Since it is considered that effeclive
Stress governs the creep deformation of the soil it is
necessary to determine these effective stresses for the
period of the inclinometer readings. Two approaches, both of
wvhich us elastic constitutive relationships, to the
solution of this problem will be described here. The use of
the finite eledi!t method is necessary in both approaches
because of the complex boundary conditions and incremental
nature of construction.

ohe apbroach to this problem is to determine the
effective stresses directly. Variations in this approach
have been outlined by Eisenstein (1974), Law (1975), Nobari
and Duﬁcan (1972) and Lee and Idriss (1975). An advantage to
this 'effective stress' approach is that material properties
from drained or undrained laboratory shear tests with pore
pressure measurements can be used directly in the finite

element analysis. Thie procedure is necessary if
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displacements other than those arising from creep are to be
predicted accurately. Since only stresses are required for
this part of the analysis a simpler approach was adopted.
Thi; approach employs the finite element method to
determine the total stresses. The effective normal stresses
" are then calculated by subtracting known pore pressures
measured in the field from the total stresses. This method
is accurate for the determination of the effective vertical

stress in the clay but is less acc

rate . for the

=

determination of the shear stress and the horizontal
effective stress since both are highly dependent on the
ratio of the material moduli and the value of Poisson's
ratio. The next section describes the finite element stress
analysis and the approximations used to overcome the

difficulties of selecting the material parameters.

6.2.2 Total Stress Analysis

6.2.2.1 General \ -
The finite element program, NLCP(nonlinear construction
program), which was developed by Simmons (1981),was used to

obtain the total stress configuration in the foundation

clay. The program is reviewed in detail by Simmons (op.ci
and only a brief summary of the features of the program/used

for this analysis will be discussed here.
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The program employs quadrilateral elements. Both linear
'and nonlinear elastic constitutive relationships can be
used. Materials can be modelled as either isotropic or
cross-anisotropic. Computer graphics support programs were

available for plotting displacements and mesh outlines.

6.2.2.2 Boundary Conditions

The finite element mesh used for the program is shown
on Figure 6.3. Plane strain was assumed for the analysis.
The foundation stratigraphy is an idealized version of that
at Station 65+400. The sand/limestone interface formed the
lower boundary of the grid and was assigned a zero
displacement boﬁndary condition,

A total unit weight of 1.97 Mg/m® was used for both the
compacted zone and beach zone of the tailings dyke. Total
unit weights for all materials aré listed in Table 6.2. The
construction boundary between these tailings zones is shown
in Figure 6.3. The densities weée taken to be equivalent on
the basis of an extensive series of in situ density‘tests in
Tar Island Dyke reported by Mittal and Hardy (1977), which
revealed that for depths éreater than 30 m the density of
the beach zone was equal to that of the compacted zone.(

The upstream boundary of the tailings dyke was modelled
as a vertical surface wi;h tvo degrees of freedom and a
. supporting thrust. The magnitude of the thrust was
calculated on the basis of a heavy liquid with a unit weight

equal to that of the beach zone. It must be emphasized that
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the thrust does not add to the shear stresses in
foundation but simply supports the assumeérvEfticglgupstream
boundary. The actual configuration of the upstream slope was
not used because stresses and displacements in this portion
of the dyke were not relevant to the analysis. As a check on
this assumption a zero x-displacement upstream boundary
condition was used in one analysis instead of the stress
boundary gcnéiﬁiéhi It was found that the stresses in the
region of interest were not affected by the boundary
condition change. 7

Dyke loads were inerem2ﬁ ally applied to the foundation
- T,

;"

=

in th® finite element an aly is according to an idealized
version of the actual dyke construction history as portrayed
in G.C. .(Great Canadian 0il Sands, now Suncor) Drawing
No. TL-PL-009'E', entitled Construction History. Six
increments were used and their timing and configuration are
shown on Figures 6.2 and 6.3. The finite elément program,
NLCP, wuses the nodal displacements and stresses calculated
in the lower increments as input to the next increment. The
total stresses in the foundation before dyke construction

vere calculated according to:

‘5\! ::‘KT!D ] 6.1
vhere &y = total vertical stress
¥r = total unit weight i
D = depth



O
>
]

6v (1- (¥/¥%)sing') . 6.2
vhere 6h = total horizontal stress - |
5’ = submerged unit weight
@' = effective angle of shearing resistance
The incremental analysis provided an estimate of the
stresses in the foundation at all stages of construction.
6.2.2.3 Parametric Study

Two types of elastiéu analyses* were performed to
determine the foundation stresses. The first analysis was
undertaken using a linear elastic constitutive relationship
and the second analysis used fa ncnliﬁear elasti;
constitutive relationship, A_ constant Poisson's ratio of
0.49 was used in all analyses except for one linear elastic
analysis where a value of 0.35 was used. Further parameteric
analysis should treat the value of Poisson's ratio in the
sand as less than 0.49 .

A summary of the material parameters used is presented
in Tables 6.1 and 6.2. One way of ca;paring the results of
the different analysis is to plot the horizontal shear
stéess in the clay layer just beneath the tailings sand/clay
interface along the downstream slope. Such a plot is shoyn
in Fiqure 6.4. The she;r stresses are those at the end of
the sixth increment. It was found from the 1linear elastic

analyses that the shear stresses depend on the ratio of the



Table 6.1 Summary of
elastic analyses

material

*

Analysis Poisson's Ratio
Number M
1 . 0.49
2 0.49 .
3 ' 0.35
Table 6.2 Summary of

elastic analyses

«~ Material Total Unit Kt
Type Weight (Kn/m*)
Compacted 19.25 2000
Tailings sand
Clay 19.32 350

Defined in Appendix D
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constants used for linear

Modulus Ratio
Es/Ec

5
10
10

*

material constants used for nonlinear

n(‘) "' Rf(‘-) p

.54  36° 0.91 0.49

0  24° 0.8 0.49
v\
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Young's modulus of the sand to the clay, Es/Ec, not. on the
magnitudes of the respective moduli. This is not true, of
course, for the elastic displacements. Increasing the moduli

tresses in the clay

ratio from 5 to 10 decreased the shear
by approximately 25 percent as illustrated in Figure 6.4.
For the linear elastic analysis the moduli ratio was
not altered between increments. Allowing volume change in
the clay by éecreasiﬁg Poisson's ratio did not affect the
horizontal shear stress substantially beneath the 291 m berm
where the creep analysis will be performed. It did however

decrease the shear stresses towvards the toe of the

embankment. It is considered that stresses downstream of the
26&-!“ berm are;es reliable for all of the analysis shown in
Figure 6.4. -

The nonlinear analysis was performed to investigate the
effect cfi-i!nging the moduli ratio betweeg increments while
keeping ggkssan‘s ratio constant. The hyperbolic parameters
listed in Table 6.2 for the clay are from the drained tests

discussed in Chapter 5. The hyperbolic parameters for the
-~ .

tailings sand are based on the properties of a similar sand

reported in the literature by Duncan.and Chang (1970)., It
must be emphasized that the writer is not advocating the use
of drained parametecs in a total stress analysis. The

drained parameters were used because it is considered that

the tangent moduli ratio is applicable, not the absolute

-value of the moduli. The horizontal shear stress results are

presented in Pigure 6.4 and are yithin the range of the
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linear elastic analyses.

Figurelé,s illustrates the incfegée in vertical total
stress with time for the foundation clay beneath the 291 m
and 277 m berms. It is evident that the vertical stress isg
not sensitive to the selection of the material parameters.

6.2.3 Rationale for Simple Shear

Computed shear stresses with time in the foundation
clay below the 291 m and 277 m berms are presented in
Figures 6.6 and 6.7 respectively. The maximum shear stress

as well As the horizontal shear stress are shown in these

v

oisson's ratio of 0.49

figures. It \s apparent that a
forces the principal stresses to rctage approximately 45°,
that is, the horizontal and maximum shear stresses are
approximately equal. The principal stresses for a Poisson's
ratio of 0.35 do not rotate 45° but do rotate more than 15°,

A criterion for simple shear is that the principal
stresses rotate during shear (see Edgers et.al.,, 1973 and
Gale, 1981), Because the stress analyses indicate rotation
of principal\stresses and because the form of the creep
strains from the inclinometers are §imi;ar to . that
determined from laboratory simplg shear tests it is
considered that the stress state gpplicéble to the field
gsituation is simp;e shear. Shear stresses are not dependent
upon the magnitude of the pore weter pressure so the shear
stresses from the total stress analysis can be used in the

creep analysis. This of course neglects the effect of
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changing material parameters during consolidation on shear
 stresses. The effective vertical stress is insensitive to

material parameters.

6.3 Formulation of In Situ Creep Equation
[]

6.3.1 Introduction

A creep equation based on the Singh-Mitchell
relationship is formulated in this section for the shear
strain versus time curves from inclinometer §76-103. The
methodology for obtaining shear strains from inclinometer
readings is dis:uésed in Chaﬁtef 2. The resultant shear
strain versus depth plots for a number of inclinometers is
included in Appendix A. These shear strain versus depth
Plots can also be displayed as shear strain versus time for

each depth. Such a plot i

;§ shown for inclinometer $76-103 in
Figures 6.8 and 6.9. The?farmulation derived here will be
developed in terms of the curves shown in Figures 6.8 and
6.9.

Inclinometer $76-103 was chosen for the analysis
because samples for the laboratory testing program were
ébtaineé neafby and, furthermore, because of the proximity
of a reliable piezometer. The same analytical method to be

presented here for $76-103 gaﬁ alsgr be applied individually

to the other inclinometers.
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In Figure E.E it is apparent _that the shear strains at
a depéh of 56.08 m do not h;‘:ifhe same form as the other
curves. The shear 5£rains are much larger than at other
depths and appear to have accelerated with time. The larger
strains occur immediately below the tailings sand/clay
contact and are evident in the other inclinometer plots at
the same stratigraphic position. The Singh-Mitchell equation

cannot be applied to these strains,

6.3.2 Multiaxial Form of Singh-Mitchell Equation

The Singh-Mitchell equation provides a relat jonship
between axial strain rate,, stress level and time for
triaxial test results. In order to use this relationship for
the field problem it is necessary to cast it in a multiaxial
form and then extract the equation applicable td a simple
shear stress state.

The generalization of a uniaxial creep relationship to
a general multiaxial relationship has been outlined by
Odqvist (1966). His approach is based on some similarities
between creep and plastic deformation. Emery (1971) applied
the work of 0Odgvist (op.cit.) to develop a multiaxial
relationship for thawed soils as has Sego (1980) for frozen
soils. The Singh-Mitchell equation is ecast in a general
multiaxial form acccfdiné to the method of Odqvist (1966) in
Appendix D. If simple shear boundary conditions are applied
to the general equaticnithe relationship between horizontal

[

shear stress and shear strain rate becomes:
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b= %ge (A ‘ o
vhere fhy = siPBr strain rate

Ad,m = triaxial stress state creep constants

Y ?} = horizontal shear stress

It is apparent that Equation 6.3 is of the same form as
the triaxial c¢reep equation presented earlier as Equation
3.2. This theoretical observation has practical verification
in the literature where creep equations describing the axial
strain rate from triaxial creep tests have been shown to be
of the same form as equations describing the shear straim
rate from simple shear tests. Examples afé given by Wu et.al
(1978), Edgers et.al (1973) and Sego (1980).

To devélop a field creep equation the constants in
Equation 6.3 must now be determined from the shear strain

versus time curves shown in Fiqures 6.8 and 6.9.

6.3.3 Derivation of Stress Level Term

Equation 6.3 predicts that the shear strain rate is an
exponential function of the horizontal shear stress., The
horizontal shear stress can be normalized to stress level in
Equation 6.3 by making some assumptions about the state of

stress in simple shear. This is done in Appendix D and the

resulting normalized creep equation is:

Yy = Ase™P ()" 6.4
Where Ag = 3/2 A
X = 2& 6y tang’

b4

D = Th/6vtug’
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-
6v = effective vertical stress

. , . . - .
@ = effective angle of shearing resistance

It is apparent in Figures 6.8 and 6.9 that the creep
strain rate, i.e. the slope of the shear strain versus time

curves, decreases with increasing depth in the clay

, v, . T e e : .
foundation. It 'is considered that the decrease in strain

rate is a consequence of the decrease in stress level from

the top to the bottom of the clay layer. The stress level

sure decrease

decreases with depth because of the pore pre

[0y

wvith depth in the clay horizon as shown in Figures 2.5 and
2.6. One method of "determining the parameter, a, is to
compare the strain rates at two depths vheré the stress
levels are known. i )

Proceeding in this fashion the shear strain rates at

tvo diffe:en; depths_are given by:

v «D
Ba=Aire (tife)™
" 6.6
where A, = strain rate at zero deviator stress at
t=t,

The time, t,, in Equations 6.5 and 6.6 is the time period
from the effea‘éve initiation of ﬁhe creep of the clay layer
to th:r,time at which the inclinometer was installed. A
procedure for eséijatiﬁg't. will be outlined in the next

section.



167
m

If t is equal to t, then the term (t,/t) reduces to

one in Equations 6.5 and 6.6. The shear strain rates, y, and

i,, become the strain rates at t, or, in other words, th;

strain rates at the moment of installation of the

inclinometer. If Equation 6.5 is divided by Equation 6.6 the

result is: . 3B, Fh

5[5z /e 6.7

The parameter A, cancels if it is assumed that the clay

has identical creep properties at both depths. Solving for «

yields:

L Sl (nb-nh)/[B B .5

For an estimate of &lfrom field data Eguation 6.7 requires

the strain rates at two depths for which the stress level is
known.

A sample calculation of a for inclinometer S76-103 is

given in Appendix D. The value of a calculated is 5.1. This

compares - favourably ' with the average value of a of 3 from

the lasoratory testing program.

6.3.4 Derivation of t, and m
¢ It is customary when presenting the+Singh-Mitchell
equation as is done in Equation 6.4 to include unit time as
the numerator in the timeléarigg}e. The coefficient, A, is
the corresponding strain rate ﬁf zero stress level at unit
time. For this‘ giel% case it is not known Qhen the clay

began to creep under its prestpt stress level so A cannot be

determined directlyILt unit‘tiqs. It is therefore convenient

-
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to replace the unit time numerator by the time corresponding
to the period between initiation of creep at this stress
level and the installation of the inclinometer. Eguation 6.4

is &hen revwritten as:

: «xb, , m ,
Ixy = A€ T (t]E) 6.9
vhere t, = duration of creep period to the time at

wvhich the inclinometer was installed
A, = shear strain rate at zero deviator stress

at time t,

The parameter A, is easily determined from the following
sincé the shear strain rate and stress level are known at

time t,,

© | @b
Al = YJ/E 6.10
where vy, = shear strain rate at t,

A procedure for detgrmining {, and stress level is presented
in Appendix 4.

 Implicit in Equation 6.8 is the assumption that the
creep of the clay under the current s&tress level is
independent of accumulated creep strains under previous
stress levels. This concept has been discussed ip Chapter 5
for incremental laboratory drained creep tests and, is
considered to be valid for this analaggﬁs field situation.

By making this assumption it is possible to derive a
closed form solution for t, that is indgpenden; of m. Two

expressions are derived for t, in Appendix D. One is valid

)
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for m equal to one, the other is more general and valid for
m of any magnitude. Values of t, were determined by using
strain rates églculated from the polynomial regression
curves shown in Figqure D.1. From the expression for m-equal
to one values of t, were obtained ranging from 500,000 to
3,000,000 ninute?. The general expression for t, did not
yield reasonable values for t.. This occurred because the
- gengral expression, although mathematically c64rect, cannot
acqount for the random component of the field strain rates.

.To further delineite the value of t, a purely gmpirical
approach was adopted. Strains were calculated for values of
t, ranging from 100,000 to 3,000,000 minutes for the initial
strain rates and stress levels for depths of 67.06 m ang
62.18 m in inclinometer S$76-103. The magnitude of m was
varied between 0.7 and 1.3 for each value of t,. This range
in m was used because it represents all reasonable values
for soils according to Mitchell (1976). Shear strains were
calculated from one of the following equations. For m not

equal to one strains are given by:

g 1-m I-m
Y :Y|+A.€°‘°@,§m<(lstm.) -ty ) e
3 . T=-m
where v, = accumulated strain at t,
At = net time past t,

1

For m equal to one strains are given by:
Y o= YA T)" (In (at1t1)-Ints) 6.12
Equations 6.10 and 6.11 are obtajned by inf*grating Equation

6.8 with respect to time. It was assumed in the integration
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of Equation 6.8 that the stress level is independent of
time. This is certainly true at the base of the clay layer
vhgre the pore pressures are constant but not strictly true
at depth 62.18 m where piezometer AP-75-18A has recorded

substantial excess pore pressure dissipation with time.

However the decrease in pore pressure only reduces the __

stress level by 6 percent so the stress level was assumed
constant for the purpose of integration.

Time, t,, was then selected on the basis that it must
be the same for bothv depths and that it must result in
strains that correctly match those recorded for both depths.

The value of t, determi in this way was approximately

3

1,800,000 minutes or about .5 years. The shear strain

lue of t, in

versus time curves produced using this
EQuations 6.11 and 6.12 are presented in Figure 6.10.

-Inclinomefet $§76-103 was installed in late 1976. A
value of t, of 3.5 years predicts that the creep of the clay
was initiated at this stress level in mid-1973. This appears
reasonable since this time‘ corresponds to the large
increment in construction in 1973 as shown in F;gure 6.2 and
the result1ng large increase in shear stress shown in Figure
6.6. ~ ' 4

As shown in Figure 6.10 the value of m cannot be
determined precisely from this approach. A value of 1.0 for
m gives a reasonable fit to both curves. However it is
passible to back calculate the magnitude of y, in Bquation

6.11 given a t, of 3.5 years. Por values of m greater' than

e
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1.0 high values of y, are obtained, more reasonable values
of'y, are obtained if m is taken to be in Fhe range 0.7 to
1.0. ‘

It is ®f interest to calculate the shear strain versus
’ time curves predig‘.d by the laboratory test results given a
value of t.‘Of 3.5 years. This is shown in Figqure 6.11. It
is apparent thai'tquation's.z underestimates the field shear
straing. The discrepancy is considered to be 'primafily a
result of the éifférence in the stress level parameter,a
,not in"the value of t,. Sitg?gff;cts between the laboratory

and fie)d\\ife not considered to be the seat of the

discrepancy. oL _
e K
’ N N C .

6.4 Cb:ETuding Remarks
It has been demonstrated that the éhear strain versus
time’curves for twe depths in inclinometer S76-103 follow
similar patterns to those observed in laboratory creep
tests. The key similarities are:
1. Shear strain rate decreases with time
-é. Shear strain and shear strain rate are éxp@nential
functions of stress level,
3. A significant load increment raﬁio dutinéx stage
construction of the dyke in 1973 caused creep strainm
rates to increasé and then decay in a mannér independent

of the previously accumulated creep strains.
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The shear strain versus time curves have been modelled
with a Singh-Mitchell relationship by making various
assumptions ‘about the boundary conditions and the state of
stress in the foundation clay. It has beeﬁ shown that the
t\me,tigcaﬁ be approximated by assuming that thé creep of
the clay fits a Singhiﬁit:hell relationship.The best
estimate of t, is approximately 3.5 years. Simple procedures
have been outlined for deriving the other creep parameters
in the Singh-Mitchell relatiogship from the field data. The
stress level term, a,is apprazimately 5.The damping term ,m,
is in the range 0.7 .tc 1.O.Thi5 approximation for m is
“tenous since it is based on a back calculatibn vhich assumes

Y

‘a value of t,.

Fies o a.

=
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_7; Canclusians‘;nd Recommendations
N

7.1 Introduction

This thesis has examined thé lateral creep deformation
~of the clay foundation of Tar Island Dyke. An aﬁalytiéai
tgchniéue has been devefcpeé wvhich enables creep parameters
{té be obtained fra@ field inclinamete;;éata. Extensive fieIé
data concerning foundation. geology \ﬁﬂé s0il properties
,foundatiop pore ‘pressures-and dyke constryction have been

Syﬁthesiz!&.‘l series of oedometer and drained ‘triaxial

creep tests ' have been perfarmeé on undistéirbed clay:

foundation samples at different sample orientations, cell

pressures and stress levels. A review of the creep
literature on soils has been presented.
Conclusions and recommendations for further study

arising from this research program are presented in the

following sections.
. ’ ! -
7.2 Conclusions
l -
7.2.1 General ,
.Tar Island clay is ‘a ncrmélly consolidated- Recent

deposit which afiginateé by -infilling of an abandone8

channel of the Athabasca River. The clay has deformed

vertically and hbrizontally due to the continued

‘construction of Tar Island Dyke which began im 1965, At

174
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‘vhere the clay is fully consolidated.

’ : : 175
éreséﬁt, ify situ.piezometer records indicate that the clay
has fully cansalldated devnstream of the 291 m berm and that
significant excess p@re pressures are d1551pat1ng upstream

of this berm.

(]
—
-
J\
‘ﬂ"
"
w
"
w
[ o
:m
y—-

;l ed from the 303 m berm downstream

show substantial time dependent lateral deformation.

%

- Horizontal shear strains (ih some instances) are in excess

of 5 % over q&feuf year period while horizontal strains
average 0.04 % over the same period. These small horizontal
strains indicate chly minor cempfessiakgiin the horizontal

directicﬁ and are indicative of a creep mechanism rather

than lateral consolidatign for the shear stralns. A

justification for postulated creep mechanism is tha

movements resulting from hor1;cntal shear straini

Vertical displacements of the clay layer have not been

—monitored directly but indirect estimates of. vertical

) 1 4 =
displacements can' be obtained from water ¢anten8-changes and
changes in the thickness of the deposit as recorded by

drilling.. Indirect estimates such as these reveal that ‘the

= *

clay at some locations has compressed in excess of 3 m over
the life of the project. ’ N

7.2.2 Laboratory Creep Tests
Both the oedometer and drained triaxial test results
demonstrate that the axial creepr strain rate decreases

according to a power law with time. The average value of the

v
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pover law exponent, m, is 1,13 and is inéep@ndent of the two
stress states used. The draineg triaxial test .reselts

I

_ demonstrate . that m is independent of sambke orientation,

stress level and normal stress.
The triaxial test results show that the axial creep
strain rate is an exponential function of 5§;ess§level; This
esult together with the power law dependence of strain rate
on time fqlfill the requirements of a Singh=Hitchgll model
for creep strains. Trans#ent cansclidatianr'ffests at the
beginning of the stress inbrgQEﬁtsi disrupt the' decay of

-

creep strain Trates with time and have been ignored in

fitting the Singh-Mitchell model to the creep data.

* Shear stréngth ;s determined from ‘the drained triaxial
creep test results a{g consistent viﬁh rééults from strain
:entralleé tests. The effective angle of shearing

resistance, ;p!_ is 26.5° for Tar 1Island Clay ., and is

independent of-sample orientation.
7.2.3 In Situ iaeefal Strains

The shear’ Sﬂfalﬁ versus tjﬁg curves from inclinomete

§76-103 indicate that the shear stf,ln rate decreases v;th

time at all depths in the clay horizon except at the

clay-tailings sand contact. At this location the shear

strain rate has accelerated in the past and now appears to
be steady. It is considered that the clay atl this depth is
in a state of local shear failure. Large strains are evident

in the clay downstream of S76-103 at the same stratigraphic

»
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s

position but the shear strain rates here are de:reasiﬁg vith

Y i
“time. A

=

The °“shear strain rates for $76-103 are a function of

stress level. Preliminary indications are that the shear

‘stragn rate is‘an‘expéééntial function of stress level. More
investigation is needed to confirm thiskhfp@thesis.
Central to the uﬁéefstanding of the in situ cre

"Behaviour of fhg clay is the estimation of the time pet:
t,, that  the clay hes been creeping '%fiéfszté .
‘installation of the inclinomeser’ In order to make .
estimate from this field data of t, itlwas first nece-

to assume a creep Yodel for the soil. It was assumed A
the in situy eep behaviour could be described b
Singh-Mitchell relationship. Furthermore, it was assume.
that ;he creep strain rates at the current stress level were
‘indepéndent of the accumulated creep strains at the previous
stress levef;. On ?Ehis basis t, is estimétedi to EE
approximately 3.5 years. This estimate of t, appears to be

reasonable since it correlates with a major episode of dyke

construction during 1973,

. . ) .
7.? Recommendations For Further Study
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7.3.1 Drained Laboratory Creep Experiments
'.Further research,is required to delineate the.influence
éf stress state onfthe creep behaviour of undisturbed soils.:
A complete evaluation of the influence of stress state would
involve oedometer, triaxial, plane strain and simple »shear
tests. }t‘vould be of benefit fer practioners to Ee able to
estimate paragéters for the SinghEHitcﬁell equéticﬂ for
field ﬁsituat?%ﬁé thatvin?élVE éémplex stress states on the
\basis o; ocedometer tests. |
| Of particular impcftancE to the estimation of the in
situ creep behaviour of clay foundations beneath 53251
constructed embankments is the ‘load increment fatié required
to make the creep s}fain rates in?épendent of the previously
~accumulated creep strains, It ié cghsiﬂefeéithat this iaad
'increment fatio is a ¥Function of stress level and the

A _
- " _ - L . L. L s
duration®of the previous stress level. It's ‘investigation at

high stress levels is complicated éy the small _ load
increments required to cause unérained failure.

Creep tests on undisturbed soils of long duration
Similar to those of Lovenbury (1969) would be of benéfit to
the long term prediction of creep strains. Of igarﬁ;ular
interest are the strain instabilities at extended creep
periods observed by Lovenbury (1969) and later by Tavenas
et.al (1978) & Strain instabilities have not been displayed

by the Tar Island Dyke inglinometers.
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" 7.3.2 Lateral Creep Strains Beneadh Tar !sland Dyke

The analytical EPPTQSEhSEESEEiPEﬁ in Chapter 6 can be
applied  individually to the other ' Tar 1slind Dyke
inclinometers. The magnitude of t, should increase in the

downstream direction. It would be of interest .%o iﬁStE;l
a =
inclinometers at higher berms vhere the clay has been .loaded

\ recently by dyke eanstrggtign’gnd, of most interest, because

an a priori assumption would not have to be made about the
. o

creep model which best fits the clay, to install an

inclinometer , in a position in the clay deposit where t,

-~

would be zero at some time in the future. .
. : , , . f

The next logical step in this analysis would be to

"treat the creep éi5§1aceméﬁts ef the clay collectively by

solving the entire boundary value problem. This would

involve the sse of a finite element pfegram that had coupled

facilities r properly determinigg the effective stresses

]
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Appendix B
Grain Size Curves,Scanning Electron Micrographs and
Oedometer Test Results

B.1 Derivation of Equation 4.3
For a given change in vertical total stress the
effective stresses immediately after loading are:

63f = 63 -AL61 < B.1

I

61+ A 61 (1-A) B.2

vhere 63 =effective radial stress at the beginning

o)
e
*
1 I\

of the increment

5@; =effective radial stress at the end of the
increment

5;; =effective axial stress at the beginning of
the increment )

O1f =effective axial stress at the end of the

increment

It EellovsAthat: ,
sing' = 61it 461~ A6A-63( +AGA
Gli + A6 -A61A163- AGIA

W
w

Solving for aé,:

A0, = é§(1ésinﬂ')55;(1*sin§‘)/(I-ZA)siné'ﬁT) B.4
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Table B.1 Oedometer test fESUltS; sample C2
Incr. Stress Elapsed - Void  Cv'"} Ca m'? Unit
No. Time Ratio Strain
, , Change Rate!'*’
(kPa) (min) se  (cm?/sec) (X/min)
1 31,3 1700 0!+, - - - -
2 62.5 2620 .0055 - .0030 1.19 .059
3 125.5 5331 .0157 - .0010 1.23 .21
4 250.0 4483 .0236 - .0016 1.16 .19
5 500.0 2362 .0315 - .0021- 1,09 .16
6 1000.0 2937 .0463 .00065 .0030 1.1 .30
7 1996.0 4011  ,0719  .00045 .0052 1.12 .69
8 4000 11502 .0928 .00025 .0060 1.15 .77
‘*’Calculated only at stresses above the preconsolidation
stress wvhere possible 7
‘*'Slope of the logarithm of volumetric strain versus
logarithm of time curves 7
‘*’Intercept of logarithm of volumetric strain versus
logarithm of time at t=1 min, ignoring consolidation effects
(¢'Sample swvelled slightly
i
\
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Table B.2 Oedometer test results, sample C3

Incr. Stress Elapsed Void Cvt") Ca m?) Unit
No. Time  Ratio NS Strain
Change . Rate!?’
(kPa) (min) Ae (cm?/sec) (X/min)
1 39.30 2691 .0157 - .0003 - -
78.0 4555  .0202 - .0015 - -

©.,0020 1.29  0.71

158.9 2482 .0296

314.0 2676 .0375 .0025 1.19 0.41
624.0 4093 .0493 - .0033 1.18 0.56
1251 4687 .0743  .00015 .0052 1.15 0.72

2502 4180 .0963 .00010 .0071 1.17 1.15.

® 9 M e w N

5027 2865 .0686 t.00011 - 1.16 -

t*ICalculated wvhere possible at stresses above the
preconsolidation stress

‘*)Slope of the logarithm of volumetric strain versus
logarithm of time curves ¢

*)Intercept of logarithm of volumetric strain versus
logarithm of time at t=1 min, ignoring transient
consolidation effects ’
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Table C.1 Summary of incremental creep test results,

sample T1

Incr. Deviator Stress Stress Time Axial Cumulative

No. Initial Final Level Strain Axial Strain
(kPa) (kPa) (%) (min) (x) (x)c»
1 181 181 8.3 20 0.10 0.10
-2 326 326 15.0 1875 0.27 0.37
3 515 514 23.6 16742 0.58 0.95
. 681 681 31.2 5636  0.33 1.28
5 892 891 40.9 1339 0.35 1.63
6 1087 1077 49.9 15754 1.51 3.14
7 1263 1259 58.0 5885 0.56 3.70
8 . 1467 1467 67.4 27255 1.57 5.27
s 1530 1530 70.3 1334 0.06 5.33
10 1595 1592 73.2 5692 0.33: 5.66
11 1649 1645 75.7 3019 0.27 5.93
12 1695 1688 77.8 4573 0.60 6.53
13 1720 1718 78.9 1104 0.15 6.68
14 1781 1764 81.8 5918 1.29 7.97
15 1804 1804 82.8 4224 0.39 8.36
16 1881 18@1 86.4 1517 0.39 8.75
17 1959 1959 90.0 5572 3.4 12.16
18 1998 1998 91.8 4149 0.37 12,53
19 2030 2030 93.2 280 0.07 12.60

| (cont'd)
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Table C.1 (cont'd)

Incr. Deviator Stress Stress Time Axial .= Cumulative

No. Initial Final Level Strain Axial Strain
(kPa) (kPa) (%) (min) (%) (x)¢2
20 2049 2047 94.1 350 0.08 12.68
21 2089 2085 95.9 808  0.26 12.94
22 2126 2104 97.6 1475 1.70 14.64
23 2143 2085 98.4 3130 3.42 18.06
24 2116 21145 97.2 270 0.09 18.15
25 2152 2141 98.8 1020 0.61 18.76
26 ') 2178 2155 100.0 1430 - 2.87 “21.63

Total duration of test=120371 mins, 6}=1103 kPa

‘*'Failure 7 7
t2’Strain at the end of the increment
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Table C.2 Summary of incremental creep test results,
sample T2
Incr. Deviator Stress Stress Time Axial Cumulative
No. Initial Final Level ~ Strain Axial Strain
(kPa) (kPa) (%) (min) (%) (%)

1 186 186 13.5 1645 0.14 0.14

2 366 365 26.7 17171 0.48 0.62

3 490 490 35.7 2736 0.14 0.76

4 615 614 44.8 2686 0.44 1.20

5 738 740 53.8 17418  0.86 2.06

6 864 863 63.0 2574 0.37 2.42

7 986 870 71.9 1181 1.18 3.60

8 1055 1082 76.9 20418 1,89 5.49

9 1122 1121 81.7 1187 0.06 5.55

10 1161 1157  B4.6 4603 0.45 6.00

11 1187 1186 86.6 1395 0.21 6.21

12 1235 1206 88.6 5911 1.05 7.26

13 1243 1238 S0.6 4159 0.55 7.81

14 1512 1299 95.6 1457 1.25 9.06
1501} 1372 1307 100.0 380 5.30 14.36

Total duration of test=84921 mins, 0;=758 kPa

‘''Failure did not occur,
(2)Strain at the end of th

'

sample strained vertically 5.3%
¢ increment
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Table C.3 Summary of incremental creep test results,

sample 11
Incr. Deviator Stress Stress Time Axial Cumulative
No. Stress Final Level Strain Axial Strain
(kPa) (kPa) (x) (min) (%) (x)¢cv
1 233 233 20.5 505 . 0.48 =~ 0.48
2 413 412 36.3 6800 0.85 ©1.33
3 594 593 52.2 1280 0.55 1.88
' 775 767  68.1 1431  1.68  3.56
5 949 948 83.4 13189  3.44¢ 6.99
6 1064 1064 93.9 2850 0.47 7.47
7¢) 1138 1131 100.0 212 0.63 8.10

Total Duration of Test=26267 mins, 0.=743 kPa

t*"Pajlure
(*)Strain at the end of the increment



Table C.4 Summary of incremental <creep test

sample 12

-

Incr. Deviator Stress Stress Time Axial

222

results,

Cumulative

No. Initial Final Level Strain Axial Strain
(kPa) (kPa) (%) (min) (%) (g)
1 356 356 17.5. 1331 0.47 0.47
2 696 691 36.2 7103  1.74 2.21 ;
-3 894 892 43.9 1648 0.42 2.63
¢ 1079 1073  53.0 1190 0.96 3.59
5 1290 1288 63.3 10180 2.53 6.12
6 1531 1525  75.2 1350 0.67 6.79
7 1648 1640, 80.9 310  0.62 7.41
8 1729 1693 84.9 1380 2.72 10.13
9 1744 1740 B85.6 1070 0.28 10.41
10 1793 1785 88.0 8845  0.82 11.23
11 1821 1820 89.4 1461 0.06 11.29
12 1895 1892 93.0 1264 0.13 11.42
13 1966 1963  96.5 340 0.13 11.55
140 %) 2037 2024 100.0 330 0.72 12.27
Total Duration of Test=37802 mins, 5531385 kPa
‘;’nglufe 7
‘2'Strain at the end of the increment
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Table C.5 Summary of incremental creep test results,

sample I3
Incr. Deviator Stress Stress Time Axial Cumulative
No. Initial Final Level Strain Axial Strain
(kPa) (kPa) (%) (min) (%) (%) »
1 291 291 17:5 1281 0.45 0.45
2 539 539 . 32.¢ 7123 0.07 0.52
3 695 693 41.7 1667 0.44 0.96
4 834 832 50.1 1240 0.42 1.38
5 1022 1021 61.4 10110 1.69' 3.07
6 1205 1201 72.4 1318~ 0.47 3.54
G/\. 1290 1287  77.5 310 0.3¢  3.88
8 1350 1339 81.0 1400 1.10 4.98
9 1402 1397 84.2 9915 1.41 6.39
10 1466 1464 88.0 1461 0.14 ‘ 6.53
v 1525 15822 ~ 91.6 1264 0.25 6.78
12 1588 1583 95.3 330 0.34 7.12
13 1621 1599 97.4 1095 1.58 8.70
14 1636 1626 98.3 410 0.78 9.48
1509 1665 1648 100.0 230 1.18 10.66

Total Duration of Test=39154 mins, 6=1090 kPa

(t*)Failure ,
t2)Strain at the end of the increment
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Appendix D

Derivation of Formulas for Analysis

D.1 Definition of Nonlinear Elastic Material Parameters
Nonlinear elastic constitutive relationships in soil
mechanics can be derived from the observation that stress
strain curves can be described by the equation for a
hyperbola. This was first reported by Kondner (1963) and
later popularized by Duncan and Chang (1970). Reference
should be made to th;é latter publication for a more
detailed explanation than is given here.
A stress strain curve can be represented by an eguation °
for a hyperbola of the form:
<

6-63) = —C 7 D.1
( ' 3) ‘/E; 4 E/j@l*ég)u;lf

vhﬁfe

(61-63) = deviator stress

€ = strain
E = initial tangent modulus
(6/-63) = asymptotic value of deviator stress as

represented by hyperbolic equation

The compressive strength of the soil is related to
(6,~6,)ult by:

Kr = (5:—53);/(5:—53);:/1! D.2



vhere Rf = failure ratio
The initial tangent modulus varies with confining stress
according to:

Ei

K pa (Sﬂ/pi)h D.3

vhere K = modulus number
n = modulus exponent
pa = atmospheric pressure in chosen units

-

The Mohr Coulomb failure criterion is given by:

(61-68)p= 2ccosgr263smd’ D.4
/-s/hg’
By differentiating Equation D.1 with respect to strain and

substituting EBguations D.2, D.3 and D.4 the tangent modulus

is given by:

. , 2 .
Ee =//- ?{/f'ﬂ’?‘?#j@=§3) £¢ '75: \
‘ [ 2¢ cosg *;5,53,;75' '&a(ﬁ D.5

WEoissan‘s ratio can be described by an equation which
accounts for its éependengg on normal stress and shear
stress (for contractant materials only) aé per Duncan et.al
(1978). Poisson's ratio was taken as a constant since this

analysis was assumed undrained.

D.2 Transformation of Singh-Mitchell Equation To a
Multiaxial State of Stress

- The following formulation follows that of Odgvist
(1966). Odgvist begins his formulation by drawing from the

theory of plasticity. He aef;nes the rate of dissipation of
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energy in a creep test by:
3L0g=fééafwy | D.6
vhere SWLJ = change in rate of dissipation of energy
gSQi- increment of stress deviator tensor

Vi) = strain rate tensor

Equation D.é provides a relationship between the stress

deviator tensor and strain rate tensor. He continues by-

stating that W is a flow potential and dependent on some

—

scalar function. He calls the scalar function the
;effective' stress and defines it in terms of the second
stress 4nvariant as:
6 = 3 SySy b.7
= 67+ 6324 633 - G1 632 — 632 633 —633 6t

-fg(éé # 5123 %t‘jg/)

Equation D.6 can now be manipulated as follows:

: 5 7 1 g - -
Vgi’éi!iééfszagilxiLt 06€ . 3xdW,5¢p g

dée OS5  dée lee 5y doe 6e
The preceding assumes coaxiality of the tensors of strain

rate and stress. It also assumes no volume change and
isotropy.
For the case of uniaxial stress:

S5y = 2613 7
6e= 61l

522 523= =013
Now Equation D.8 will be manipulated so that it reduces to

the Singh-Mitchell equation for a uniaxial stress state.

i . K64 ” -
V=3, W 2 6u = 4%\

This reduces to:



- A be m
oW = Ae” (1) D.10
7 ﬁé 7 T N ( 2
Substituting D.10 into D.8 we have:
, ) be, m < -
Vej= 3, Ae” Y7 S D. 11
W Ae (k) /
Equation D.11 is a general multiaxial equation relatinéieach

term in the strain rate tensor to each term in the stress

deviator tensor. The relationship desired for the

is one between horizontal shear strain and horizont
stress for a simple shear stress state, It will - be

_ that a pure shear stress state is repfesentggéggfﬁk a simple
BEERL

shear stress state at zero normal stress. The aséﬁmgtiﬁns of
\a,

pure shear result in the following: iﬂxz%%
61=Cy-, 6270, &5="0y 5.1

S =533= 5220
The effective stress as given by Equation D.2 reduces to the
following:

e =2 5 | | D.13

1f this is now substituted into Equation D.7 the following

results:

. 'i:Z% m 4
- _ Ax 2 e &,
3§y,.,.ﬁx %544 (;é;) .iﬁéi

Lo

.14
Reducing:

D.15

D.3 Definition of Stress Level For Simple Shear Stress
Conqiticni

In order to deMine the stress level in simple shear it
is necessary to make some assumptions about the state of
stress (see Ladd and Edgers, 1972 and Gale, 1981). One

assumption is that the horizontal plane is the failure
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plane, another is that the horizontal plane is ‘the plane of
maximum shear stress. These two assumptions converge as the
effective angle of shearing resistance decreases. For an
angle of shearing resigtance of 24° of the foundation clay,
thé*fﬁaximum difference between these assumptons in defining
the shear stress level is less than 10 percent. It will be
assumed that the horizontal plane is the failure plane.

The tangent of the angle of shearing resistance for a
simple shear test is then defined as:

tang’= Tmax /by D.16

where Z;,.gg‘* shear stress on horizontal plane at

failure
) . . .
6y = effective normal stress on horizontal
plane at failure
The shear stress level is defined by:
b = Th/ Tmax ’ : D.17
vhere D = shear stress level
: #
T = shear stress on the horizoltal plane
The stress level term in Equation 6.3 then becomes:
—_— : Ul o ) o
D = W/6yvtong’ D.18

[4

It  is of interest to compare the stress level terms
from a triaxial and a simple shear test. In a triaxial test:
or= 1y (61-63)f D.19

In a simple shear test:

Xs = o€ 6v fand’ _
—~"N_/
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D.20
If the approximation is made that 6vtans'=1/2(6,-6,)f then:

§¥§ ;Lg% D.21

D.4 Sample Calculation of a

The shear strain versus time curves for inclinometer
$76-103 will be used to determine a value of a from Equation
6.7. Two depths in the cla