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ABSTRACT

Oil sands tailings sludge is a waste by-product of synthetic crude
production from the oil sands mining operations located in northern
Alberta. The sludge is a high water content slurry material consisting
of water, silt, clay, and bitumen which consolidates slowly.

One of the factors affecting self-weight consolidation of the sludge is
thixotropic gain in strength of the soil. To arrive at a comprehensive,
long-term consolidation model of the sludge, the time dependent
strength properties of the material need to be thoroughly
understood. To address this problem, sludges of six different water
contents were tested for their peak and residual undrained shear
strength parameters at time intervals after mixing ranging from zero
to 700 days. Two methods of measuring shear strength were used:
viscosity measurements and vane shear testing. The analyses
investigated the absolute and relative gain of both peak and residual
thixotropic strengths at constant water contents. The infl' -nce of
water content on relative thixotropy was also analyzeu. The
thixotropic properties of the sludge were compared with those of
other soils.

The tests revealed that the sludge is a highly thixotropic soil with the
highest rate of strength gain taking place in the first several hours
after mixing. The highest absolute gain in strength was .. kPa in
300 days for the liquid limit sludge. The highest relative thixotropic
effect was found in the 233% water content (30% solids content)
sludge which reached a thixotropic ratio of 21 in 470 days. Self-
weight consolidation of the sludge appeared to have a réducing effect

on thixotropic strength. When compared to other soiis, the sludge



exhibited highest relative thixotropy. The liquidity index-residual

undrained shzar strength relationship for the sludge was similar to

those for other soils.
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1.1 Definition of Problem

Society's incrcasing awarencss of envircnmental issues has brought stricter
pollution rcgulations to industrial operations. The mining industry has
traditionally produced vast amounts ~f waste which cause disposal problems.
In surface mining opcrations, the resulting waste, tailings, are generally in
the form of a slurry. The common method of disposal of a slurry is to transport
and contain then in a pond that can cover a large area; tens of square
kilometers in the case of oil sands plants.

In northern Alberta, production of synthetic bitumen from oil sand deposits
has resulted in open pit mining operations on a large scale. Syncrude Canada
Lid. removes in excess of 22 million cubic metres of overburden on an annual
basis in order to secure access to the oil sands (Lord and Isaac, 1989). The
annual oil sands feed for the extraction process reached more han 100 million
tonnes in 1987 (MacKinnon, 1989) which resulted in 85 million tonnes of
tailings solids. In the first ten years of operation, Syncrude's tailings pond has
accumulated 215 million cubic metres of sludge and waste water. The tailings
pond and dykes occupy an area of 22 km2.

The continuous growth of the pond is caused by exiremely slow rates of
consolidation of the oil sands tailings sludge contained in the pond. It has been
rccognized that one of the main factors negatively affecting consolidation of
the sludge is the thixotropic gain in strength of the material.

In order to improve existing disposal methods and assess the feasibility of new
schemes, a thorough understanding of the long term consolidation and

strength behaviour of the sludge is necessary. Consolidation of the sludge has



been investigated both in the field and the laboratory, however studies have
not arrived at a comprchensive long term model of its bechaviour.

At present, little is known about the factors influencing the consolidation of
the oil sands tailings sludge. Very limited laboratory and ficld data exist

concerning the time dependent strength propertics of the material.

1.2 Objective of Research Program

The purpose of the research program in this thesis is to determine the time
dependent strength behaviour of the oil sands tailings sludge. Thixotropic
properties of the sludge will be described in both qualitative and quantitative
terms. The influence of such factors as: time, water content and sclf-weight
consolidation on thixotropy of the siudge will be investigated and dctermined.
Comparisons to other very soft soils will be made.

To gather the necessary information to analyze the problem, the dcvelopment
of laboratory equipment and procedures were rcquired. The equipment had '~
be capable of determining the strength paramecters of the soil in both .
undisturbed and remoulded state. Different methods of testing were employed;
new methods were tried and assessed and existing methods were modified 1o

suit the needs of the test program.

1.3 Scope of Thesis

The laboratory tesis to determine the time dependent strength properties of
the oil sands tailings sludge were performed by two methods; viscosity
measurements and undrained shear vane testing. In addition, initial work was
performed with a novel testing method; the cavity expansion test. Self-weight
consolidation measurements were carried out throughout the test program.

The viscosity measurements yielded peak and residual index strength



propertics. The shear vanc testing determined real values of peak and residual
undrained shcar strength.

Sludges of six different water contents were prepared and tested for their
strength. Water contents ranged from 47% (the liquid limit of the material) to
400%. The 1tests were performed at different elapsed time intervals after
complcte rcmoulding; the times varied from 0 to 700 days.

The test results allowed for the rheological classification of the sludge and for
the development of relationships between time and both peak and residual
shear strength. The results are also used to determine a corrciation between
water content and thixotropy. The consolidation measurements arc used to
describe the role of self-weight consolidation in thixotropic hardening.

The relationship between licuidity index and residual shear strength of the
sludge is derived and compared to empirical correlations found for other soils.
A comparison of thixotropy in the oil sands tailings sludge to other soils is
made.

The determination of such rheological parameters of the slurry as viscosity
and yield strength is beyond the scope of this thesis. As well, the investigation
and analysis of microstructural physico-chemical processes responsible for

thixotropic phenomenon is left for further research.

1.4 Organization of Thesis

Throughout the body of this thesis, all corresponding figures and tables are
presented at the end of each individual chapter.

Chapter 2 contains a survey of literature relevant to this work. Background
information on the oil sands tailings sludge is presented. The phenomenon of
thixotropy is then described in detail. Soft soil behaviour and testing are also

reviewed.



Chapter 3 describes the 1aboratory equipment developed and fabricated for
this testing program and presents the test proccdures that were followed. The
description of the material that was tested is also included in this Chapter.

The results of the laboratory tests arc given in Chapter 4. The viscosity
measurcments are presented first, and the vanc shear strength resuits follow.
Only selected figures from the tests ate presented. The complete sets of the
laboratory data is presented in the figures contained in Appendices A, B and C.
The analysis and discussion of the « ,crimental rcsults are pr-.cnted in
Chapter 5. The findings are compared with other rescarch.

Chapter 6 summarizes the important conclusions and observations that were
developed throughout the thesis and makes recommendations for further

research.



2.1 Oil Sands Tailings

2.1.1 Origin

Qil sands in Alberta, located in deposits in the northern part of the province,
contain about 900 billion barrels of crude bitumen. Of the three large main
dcposits, underlying an estimated area of 48,000 square kilometers, the
McMurray Formation in the Athabasca deposit is the largest having oil
reserves cxceeding 146 billion cubic meters over an area of 32,000 square
kilometers (Berkowitz and Speight, 1975; Outtrim and Evans, 1978). About 10%
of the Athabasca deposit is economically recoverable by surface mining (less
than 45 m of overburden) and it is the only one on which commercial oil sand
mining operations currently exist.

Athabasca oil sand is a Lower Cretaceous, fine to medium grained uniform sand
of 30% average porosity, containing two pore fluids, bitumen and water, and
occasionally some free gas. The sand structure is dense and interpenetrative
owing to diagenesis which resulted in dissolution and recrystallization of
quartiz at grain boundarics during the time of burial. The sand grains are
water wet with the majority of the water occurring as pendular rings
surrounding the grain-to- grain contact points. The water forms a
continuous phase throughout the oil sand matrix. Bitumen occupies the
remaining pore space and also forms i continuous phase throughout the oil
sand structure. Gases are dissolved within the liquid phases and depending on
in situ temperatures and pressures »7¢ occasionally present as free gas (Scott
and Kosar, 1984; Takamura, 1982). 7he bitumen content (as a percentage of the
bulk mass) ranges from 0 to 2% and averages around 11%. The amount of

water relative to the bulk ma2ss varies from 3 to 6% (average 5%). The sand



accounts for approximately 70% of the oil sand mass and the fincs, clay and silt
particles, average 14% (Pollock, 1988). Clay mincrals arc present in this
formation in fine-grained basal deposits, in uppermost strata as dcnsc claycy
silts and clay beds up to a meter thick, in oil-free silt scams in the oil-rich
zone, in sand pores as authigenic clays, and in rip-up clasts. The uppecrmost
and lowermost McMurray Formation beds are of low oil content, and arc not

used for bitumen extraction (Dusscault et al., 1989).

2.1.2 Oil Sand Operations

There are two oil sand surface mining operations in the Athabasca deposit.
They are Syncrude Canada Ltd. and Suncor Lid. Boih use similar processes in
heavy oil recevery. Oil sands open pit mines are developed by removing
glacial deposits, clayey Clearwater Formation strata, and upper McMurray
Formation overburden and depositing them in the mined-out area or in
overburden dumps. The bituminous sands are mined using bucketwheels or
draglines. Ore is conveyed to a stockpile or blending facility from which a
feedstock goes to an extraction process (Dusseault et al., 1989). The bitumen is
extracted by the Clark Hot Water Process which is a hot water froth-flotation
process. The bitumen is upgraded to a conventional refinery fecdstock by
coking to remove carbon and hydrotreating to add hydrogen (Dusseault and
Scott, 1982). Details of the extraction process can be found elsewhere (Adam,
1985). Between 1978 and 1987 Syncrude Canada Ltd. extracted about 65 x 106 m3
of bitumen from oil sands and produced over 50 x 106 m3 of synthetic crude oil
(MacKinnon, 1989). The extraction process requires large quantities of water:
1 m3 of oil sand feed uses 1.8 m3 of water (or about 15 m3 of water per 1 m3 of
synthetic crude oil). The resulting waste stream is a mixture of the so' .

mineral matter initially present in the ore, the hot water and the caustic so



(NaOH) added to achicve efficient separation, and the unrecovered portion of
the bitumen. The unrccovered bitumen is usually about 5-10% of the original
bitumcn content. Other waste materials are the solid mine overburden, which
is transported and dumped, and the high carbon content product of the coking
systemi which is cither burned as fuel or stockpiled for possible later use
(Dusscault and Scott, 1982). The fluid wastes are contained in a tailings pond in
the northern part of Syncrude's Lease 17. The pond is built around the former
Beaver Creek valley and is enclosed by dykes and beaches composed of
compacted tailings sand. The tailings stream solids content is dominated by
sand-sized quartz grains and is coarse-grained with a small proportion of fine-
grained material. The tailings slurry, pumped at a solids content of 50 to 55%,
is transported by a pipeline system to the dykes where the sand containing
some fines is used to build the pond dykes and beaches. The tailings stream
amounts to 130 x 106 metric tonnes every year (Scott and Cymerman, 1984) and
the projected tailings pond surface water area is 17 square kilometers
(MacKinnon, 1989). The total area disturbed by the pond and the dikes amounts
to 22 km2. Approximately 44 x 106 m3 of sand is deposited per year (300 x 106
m 3 total up to 1987). The remaining solids form a thin slurry (7 - 10% solids by
mass) which flows into the pond. The fines stream settles out and consolidates
fairly rapidly to a solids content of 20%. However, the large volume of mining
results in approximately 14 «x 106 m 3 of liquid sludge forming every year.
Water released during sedimentation and consolidation is returned to the plant
for reuse. About 70% of the plant water requirements are reclaimed from the
pond (MacKinnon, 1989). The volume of water and sludge in the pond is
growing at a rate of about 0.25 m3 per tonne of oil sand feed.

The major components of the tailings pond include: water (clarified water in

the surface zone and water in the sludge), mineral solids (sands, silts, clays),



dissolved solids (inorganic and organic components, process chemicals, and
leachates), and bitumen (unrecovered during extraction). The pond cxhibits
stratification with several distinctive zones as rccognized by MacKinnon
(1989) (Figure 2.1):

- "Free" Water Zone (0 -10 m depth),

Sludge Interface (10-11 m dcpth),
- "Immature” Sludge Zone (11-17 m depth) - upper 7 m of the sludge zonc
where the initial settling and consolidation of the sludge occurs during

first 2-3 years,

"Mature" Sludge Zone (>17 m depth) - lower sludge zone where the later
stages of consolidation occur. Solids content increases with depth. Sludge in
this zone is greater than three years in age.

Sedimentation of the sludge is a fairly rapid process and the pond is, as
concluded by Scott and Dusseault (1982), MacKinnon (1989) and others, an
effective settling area for the oil sands tailings. The fines settle rapidly to a
density at which the principle of effective stress governs further
consolidation behaviour. Further consolidation after this initial consolidation

is very slow and causes concern.

2.1.3 Oil Sands Tailings Sludge

The grain size analysis of the sludge shows that it is about 5% fine-grained
sand, 30% silt size and 65% clay size (Scott and Dusseault, 1980). Typical grain
size distribution curves of tailings sands and tailings sludge z2re¢ shown in
Figure 2.2 (after Scott and Cymenman, 1984). The clay mineralogy of the sludge
is dominated by kaolinite and illite clays. Smectite is present in very small
amounts and comes almost exclusively from the upper portion of the

McMurray Formation. Vermiculite is present as a minor ingredient and comes



from the lower part of the formation. Chlorite is uncommon. Mixed layered
clays arc common, but seldom exceed 10% of the total clay minerals present
(Scott et al., 1985). Roberts et al. (1980) reports approximately 80% kaolinite,
15% illite, about 1.5% each of montmorillonite and chlorite, and 2% mixed
layer clay mincrals. Kessick (1980) states 65% kaolinite and 35% illite for the
clay mineral fraction of sludge, whereas Dusseault et al. (1989) summarize that
the sludge is dominantly kaolinite (55-65%) and illite (30-40%), with minute
traces of mixed-layer clay mincrals. Sludge mineral composition is consistent
over time and from place to place in the pond because the ore-body
mineralogy is consistent, ore is blended before extraction, and mixing occurs
during extraction, transportation and deposition (Dusseault et al., 1989). The
bitumen content in the sludge based on the total mass of the sludge averaged
around 2.1% by 1986 (MacKinnon, 1989) for 31% solids. If the bitumen is
calculated zs a percent of the mass of the mineral solids, its content is 6.8%.
From the predominance of silt and low plastic clay in the sludge solids it would
be expected to classify the material on the plasticity chart as a low plastic clay.
However, the presence of bitumen and the fact that the clay minerals are well
dispersed during the extraction process influence the plasticity of the
material. Scott et al. (1985) report the range of Atterberg limit data from the
sludge. The liquid limit varies from 40 to 80% and the plasticity index ranges
from less than 20 to slightly higher than 50%. In addition to variations in clay
mineralogy, the range reflects such factors as ionic concentration and
bitumen content. The same authors conclude that the higher values of
Atterberg limits in general indicate greater bitumen content and finer-
grained sludge.

The oil sands tailings sludge exhibits a characteristic called thixotropy.

Thixotropy, or gel strength, of the sludge was first reported by Kessick (1979).



It is interesting that the clay minerals present in the sludge do not show
significant thixotropic effects as is discussed in Section 2.3. It is the additives,
intense  agitation and c¢levated temperature (859 C) during the extraction
process that make the clay particles well dispersed. Kessick (1979) postulates
three conditions necessary for the sludge to form a gel structure at its normal
pH:

- the presence of residual bitumen,

- the presence of a clay bound organic component to confer surface

activity on the clay paricles,

- the clay particles must have been initially well dispersed.

There is evidence that some of the organic material in the sludge is intimately
bound to the clays and even in situ the clays have vestigal tannic or lignic
material adsorbed on surfaces (Scott et al, 1985; Kessick, 1979). Humic matecrial
and asphaltenes are suggested to be the dominant organic molecules. An
increase in organic content as grain size decreases was also rcported (Scott et
al,, 1985). The same authors also investigated thixotropic behaviour of the
sludge and found that gel strength development is meaningful for any sludge
of solids content 20% (400% water content) by weight or grcater. They
atiribute the high gel strength to the high residual bitumen content, as
ordinary kaolinite/illite slurries do not show such increases. On the other
hand, Danielson and MacKinnon (1990) conclude in their research that the
presence of bitumen does not appear to be the controlling factor in the gel
strength of the sludge.
The significance of the development of thixotropic strength in the sludge is
reflected in hindrance of the consolidation of sludge at low stresses. The
development of an effective stress without loss of water seriously retards the

process of water efflux under self-weight at low stresses (Scott and Dusscault,
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1980; Scott et al., 1985). In effect, the upper metres of the sludge in the pond do
not achicve the solids content expected, when compared tc other materials, in
as short a time. An apparent shear strength as a result of thixotropic
hardening can also be beneficial if it is required to suspend coarse material
such as sand in the sludge by mixing. At greater depths in the pond, according
to Scoit et al.,, 1985, thixotropy loses some of its significance as other stresses
build up and gel strength contributes only a small percentage to effective

stress.

2.2 Thixotropy

The term thixotropy was originally coined to describe an isothermal,
reversible gel-sol (solid-liquid) tramsition due to mechanical agitation (Mewis,
1979). This phenomenon takes place in many classes of materials such as crude
oil and oil products, liquid crystals, rubber, greases and waxes, soils, foods and
many others. Thixotropy is classified as a rheological process and from this
perspective it is described as a continuous decrease in apparent viscosity with
time under shear and a subsequent recovery of viscosity when the flow is
discontinued (Mewis, 1979).

Thixotropy is of interest to the geotechnical engineer as studies suggest that
the phenomenon is of gencral occurrence in the majority of clay-water
systems. From the geotechnical point of view, thixotropy can be defined as a
process of softening caused by remoulding, followed by a time-dependent
return to the original harder state at a constant water content and constant
porosity (Mitchell, 1960).

An analysis of the literature on thixotropy shows that there are two main
approaches to the subject: microscopic and macroscopic. Osipov et al. (1984)

give an in-depth view of microstructural changes of clay soils during
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thixotropic strength loss and restoration. The scanning electron microscope is
used as the main tool in this type of research. Although important in
understanding the phenomenon, this approach is of grecater interest to
colloidal physicists. For this reason, any dectailed discussion of the
microstructure of clays associated with thixotropy would be beyond the scope
of this thesis. The macroscopic approach to the subject was considered mor-
relevant and was studied in detail. Factors affecting thixotropic behaviour of
clays and propertiés affected by it along with laboratory findings are
presented below.

Thixotropic effects in remoulded natural clays have been studicd by Moretto
(1948) and Skempton and Northey (1952). These investigations attempted to
determine the extent to which thixotropic hardening could contribute to
sensitivity of clays. Seed and Chan (1957) focused their attention on compacted
clays and found that these soils may also exhibit appreciable thixotropic
strength gain with time. Mitchell (1960) summarizes ali aspects of thixotropy
in a paper that is considered a classic on the subject. Many other authors
(Locat et al.,, 1985, Bentley, 1979) discuss thixotropy usually in conjunction
with sensitivity of clays.

Thixotropic strength gain is measured as a ratio of strength at time ¢ to
strength at time 0, immediately after remoulding (or compaction). For
saturated clays, this ratio is called the acquired sensitivity and for compacted
clays, the thixotropic strength ratio (Seed and Chan, 1957). It has been shown
that this ratio can reach values as high as 6 (Moretto, 1948). Several factors
have been pointed as directly affecting thixotropy. These are: the mineralogy
of the clay, water conteni, rate of loading, axial strain and, of course, time. A

brief discussion of each follows.
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1. Clay mineralogy.
Skempton and Northey (1952) tested three clay minerals: kaolin, illite and
bentonite. In their findings, kaolin exhibits almost no thixotropy and illite
shows a moderate regain of its strength. In contrast, bentonite shows a
remarkable regain at very short time intervals and continued regaining
strength at a high ratc even after a year. This suggests that clays with a high
content of bentonite should exhibit high thixotropy while clays with a high
kaolinite content will generally lack a strength regain. However, tests at the
University of California have shown that even kaolinite may be made very
thixotropic by the addition of a dispersing agent in order to reduce the degree

of flocculation present in the natural material (Mitchell, 1960).

2. Water Content.
Waler content appears to be of primary importance in thixotropic behaviour.
Generally, thixotropic effects have been found to increase with increasing
watcr content. Seed and Chan (1957) draw the lower boundary at the plastic
limit and found that soils with water contents approaching the plastic limit
showed no or very little thixotropy. On the other hand, Mitchell (1960) proves
in his tests on samples with water contents near the plastic limit that
thixotropy can be significant even at low water contents. The evidence is
conflicting at water contents greater than the liquid limit. Skempton and
Northey (1952) found that some of the soil samples were slightly less
thixotropic at such water contents while others showed a significant increase
in thixotropy. No explanation of this phenomenon has been found in the
literature. Seed and Chan (1957) provide evidence that the magnitude of

thixotropic effect is not related directly to the Atterberg limits. The liquidity
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index was the only parameter that could bec related to the thixotropic

behaviour of the soil.

3. Rate of Loading.
In general, it has been found that for saturated clays the strength is reduced
with a decrease in rate of loading. However, Seed and Chan (1957) argue that
for a specimen whose strength is strongly influenced by thixotropy, the
longer the duration of the test, the greater will be the thixotropic strength
acquired by the specimen. Therefore, the total effect of an increase in time of
loading will be a combination of the following two factors:

a) a tendency for the strength to decrease because of the increased

time available for creep deformation,

b) a tendency for the strength to increase because of the increased

time available for thixotropic effects to develop.

4. Axial Strain.
Seed and Chan (1957) investigated thixotropic strength ratios for different
values of axial strain and concluded that thixotropic effects became
increasingly significant at smaller strains. For example, the thixotropic
strength ratio after one week for saturated samples was close to 1.9 for 1% axial

strain and only 1.3 for 10% strain.

5. Time
Thixotropy is a time-dependent phenomenon, therefore time plays a key role
in the process of strength regain. Tests on marine clays indicate two stages of
strength recovery: a rapid one with a duration of about 15 minutes followed by
a slower one of longer duration (Locat et al, 1985). Mitchell (1960) states that

there appears 1o be no unique relationship between thixotropic strength ratio
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and time. However, in ali tests, strength of the specimens was increasing with

time (the longest test duration was 610 days).

6. Thixotropy and Consolidation
Thixotropy can also affect such processes as consolidation by altering the
compressibility of the soil. Mitchell (1960) argues that it would seem
rcasonable that thixotropic effects during consolidation lead to a smaller
compression index, hence retarding the process, than would be obtained if
there were no thixotropy. However, he recommends more detailed

investigations on this subject.

7. Thixotropy and Sensitivity
Thixotropy is usually associated with sensitivity of clays. Skempton and
Northey (1952) conclude from their work that whereas in clays with medium
sensitivity it is possible that sensitivity may be due entirely to thixotropy, this
could not be the case in sensitive and extra-sensitive clays where other factors

such as leaching are mainly responsible for high sensitivity.

2.3 Soft Soil Behaviour

2.3.1 Uniqueness of Soft Soils

Soil mechanics is based on several principal concepts which are employed to
describe soil behaviour. Perhaps, the most important principle is that of

effective stress. It states that changes in effective stress rather than changes

in total stress are responsible for the deformation of soil. Effective stress G' is

defined as the difference between total stress O and pore fluid pressure u:
o'=0-u 2.1)

This equation states nothing about forces contributing to °'. Chatterji and

Morgenstern (1989) state that the "classical definition of effective stress has
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been found to be inadequate in explairing the volume change and <hear
strength characteristics of swelling or active clay-water systems bec ¢ it
excludes the net physico-chemical forces of interaction present . such
systems". If all microscopic interparticle forces are considered, the effective
stress can be expresse¢ as follows (Chatterji and Morgenstern, 1989):
o'=07+R-A) (2.2)

where ©'can be defined as the "apparent effective stress”, o';the "true
effective stress", (R-A) tk net interparticle stress due to the physico-chemical
environment, and Equation (2.2) the "modified ecffective stress law" for active
clay-water systems. R is a measure of repulsive (double layer) forces and A is
the sum of attractive (Van der Waal's and electrostatic) forces.

Chatterji and Morgenstern (1989) carried out residual strength comparisons
for large strain direct shear tests on sodium montmorillonite beforc and after
leaching with distilled water under constant volume conditions. The
researchers showed that the residual strength relationship for the clay must
incorporate the physico-chemical stress, (R-A). Their measurements of the (R-
A) stress appeared to agree well with theoretical estimates of net physico-

chemical stresses. Their conclusions are:

- residual strength is a function of the true effective stress, G';j and, by

inference, peak strength is also a function of ©'j,

- volume change (consolidation) is a function of the true cffect’ ¢ stress,

- pore water salinity does not affect the true effective stress, G';.

Elder (1985) states that some ecvidence exists that shear strength is controlled

by ©'j alone but that volume changes may be governed additionally by R and A.

Only in cases where either R and A are both negligible or R=A, will

deformations be governed by o'y and the conventional effective stress

principle will be valid. Some researchers (e.g. Sridharan and Rao, 1973)

16



labeled o'; the "modified effective stress” and (R-A) the 'intrinsic effective
stress”.  Chatterji and Morgenstern (1989), as well as many others (Kenney et
al., 1967; Kulkami, 1973; Sridharan and Rao, 1973), have shown that intrinsic
cffective stress can play a significant role in influencing the apnarent
cffect:ve stress in soft soils. Einscle et al. (1974) studied physical properties
and behaviour of illite, kaolinite and montmorillonite during settling and self-
weight consolidation and found that at low effective stresses the ratio of
undrained pcak shear strength to effective overburden pressure was
disproportionately high. They attributed this to the intrinsic shear strensth
component acting in addition to the true effective stress. Similar high ratios
have been found in the sludge in the Syncrude tailings pond (Scott, 1987).
Crawford (1963) studied shear strength of an undisturbed clay. The author
obscrved that at zero effective stress, shear strength was present in the soil
and attributed it to the soil's structure, that is, electrochemical (intrinsic)
stresses. In the conclusion, the author expresses his opinion that at low
cffective stresses the accepted effective stress concepts are inadequate and
cannot be used with confidence.

Some of the factors influencing the intrinsic effective stress are particle
concentration and arrangement, fluid salt concentration, pH, Eh, conductivity
and dielectric constant (Elder, 1985). Been (1980) and Elder (1985) concluded in
their rescarch that the compression behaviour of soft soils cannot be
described adequately only in terms of the macroscopic quantity; apparent
effective stress.

Despite increasing research efforts in recent years, behaviour of very soft
soils and properties of fine-grained slurries are still poorly understood. There
is a need for a broader muiti disciplinary approach to the problem. Theoretical

and experimental studies in colloid chemistry, sedimentology and soil
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mechanics  will  contribute to the development of a comprchensive

understanding of soft soils (Bowden, 1988).

2,.3.2 Strength Testing in Very Soft Soils

Strength testing in very soft soils under low effective stresses is not we!l
documented and there is in general a lack of such studies in the literature.
Both, the complexity of the measurement problem and the uncertaintics of the
findings might have contributed to this deficiency. Variability of the results
and often conflicting cownclusions suggest that strength behaviour under low
stresses is understood rather poorly. To fill the apparent rescarch void, the
University of Oxford initiated its soft soil research program in 1977 and has
been quite active in this area. Work done by Been (1980), Elder (1985) and
Bowden (1988) proved very helpful in pursuing the experimental objcctives of
this thesis.

Kecars: of the very low shear strength of soft sediments and slurries, samples
wili nist stand unsupported and conventional triaxial testing cannot be carried
out. Instead, strength testing on such soils has to be done either in situ or
using field-type inserted instruments. In these cases, effective stress paths
followed during shearing are impossible to distinguish. Crawford (1963) lists
some of the factors in” - -cing the results of such tests:

- method of testing a..i its effect on mode of failure (predctermined or free),
- orientation of failure zone,

- boundary conditions,

- size of failure zone, strain to failure,

- rate of testing,

- soil disturbance due to insertion of testing equipment,

- time between insertion and testing.
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Results of these tests are often presented in the form of an undrained shear

strength  (cy) which is defined as half the difference between the major (01)
and minor (03) principal stresses at failure:

cu= 3 ©1-03) = 3 (O1-03) (2.3)
Elder (1985) compiled data from many sources in a plot of liquidity index (IL)
against remoulded shear strength (cyr). The shear strength results were
obtained by different methods including vane, fall cone, erosion flume,
viscometer and UU triaxial test. For liquidity indices greater than 0.4, Elder
describes the best fit curve by:

Cur = Cyr (@ liquid limit) / I3 (2.4)
However, the shear streagth at the liquid limit varies widely: from 0.5 to 4 kPa
for different soils although theoretically it should be constant. Evidence
suggests (Karlsson, 1977, Sherwood and Ryley, 1970) that the method using the
Cassagrande apparatus for determining the liquid limit is prone to
unnccessary errors linked to operator variability. The fall cone method should
be used instead as more reliable. Based on a constant value of cyr = 1.6 kPa at
the liquid limit obtained by the cone method, Leroueil et al.,, (1983) found that
for many soils in the range 0.5<Ip <2.5 shear strengths can be expressed by:

cur (kPa) = (L - 0.21)-2 (2.5)
Carrier and Beckman (1984) in their studies of highly plastic phosphatic
slurries and natural soft clays observed that activity affects residual shear
strength of clays. The authors expressed the relationship for soils with
liquidity indices of at least 5.0 by the following equation:

o | 0.166 6.33
Car = Patm 37.1e-(wp)

0163 + 1 [a.14+(A) 1]

(2.6)

where A is the activity , pam - atmospheric pressure, ¢ - void ratio, wp -

plastic limit, and Ip - plasticity index of the soil.
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In stronger soils, it is often assumed that the ratio of undrained shcar strength
to veriical effective stress is constant. This is not true for soils with water
contents above the liquid limit as shown by Elder (1985). Thc author suggests a
relationship between remoulded undrained shear strength and vertical
effective stress in a normally consolidated soil based on a combination of other
models:

Cur = ¢ Gy’ 0.43 (2.7)
where ¢ is a constant dependent on plasticity index and activity for a
particular soil.  The relationship might apply at very low strengths or high
liquidity indices.
Locat and Demers (1988) investigated rheological behaviour of some remoulded
sensitive clays. The rescarchers found a good carrelation of viscosity and
remoulded shear strength with liquidity index for remoulded sensitive clays at
high water contents. For liquidity indices between 1.5 and 6, they found the
following relationships for the plastic viscosity (M) and undrained shear
strength of a soil with liquidity index:

n=927/1) 333 (2.8)
and

cur = (19.8 / IL) 244 (2.9)
In conclusion, they recommended viscometric testing on a routine basis for
soft soils as a good tool to relate viscosity to remoulded shear strength and
liquidity index.
Some researchers have studied the influence of aging on the strength of
saturated soils and while it appears that with a constant void ratio the
remoulded undrained shecar strength is not time dependent, the peak
unremoulded shear strength shows a significant though variable influence

with time. There is no unique relationship between the peak unremoulded

20



shear strength and time with other soil parameters, such as the Atterberg
limits,

Bjerrum and Lo (1963) investigated the influence of time on the strength
propertics of a normally consolidated clay. The authors noted that older
samples showed greater strength and smaller failure strains. This was
attributed to the forming of cohesive bonds between particles with time.

Elder {(1985) found a significant increase ir the peak shear strength with time
for a constant liquidity index and only a small increase in the residual
strength. He did not observe a unique relationship between peak shear
strength and vertical effective stress although he found a good correlation
between remoulded (residual) shear strength and effective stress.

Bowden (1988) observed a peak shear strength increase with the passage of
time at all effective stress levels, though the rate of increase was slower at
higher stress levels. On the other hand, the author states that at any given
water content, peak shear strength increased with the passage of time, and
time-related effects were more significant at higher effective stress/shear
strength levels. For tesidual shear strength, conflicting trends were observed
with respect to the influence of time which was probably caused by a lower
accuracy of measurements due to the low range of strengths observed. In
cffect, the sensitivity (cyp/Cyr; the ratio of the peak unremoulded to the
residual shear strength) varied substantially although it showed influence of

both the rassage of time and the level of effective stress.

2.4 Strength Testing of Oil Sands Tailings Sludge
Several researchers have studied some aspects of the undrained strength
behaviour of oil sands tailings sludge. The reported cases, however, represent

oniy a narrow perspective on the subject and do not arrive at a comprehensive
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model of the soil's strength behaviour. Most of the authors recognize
thixotropy as a unique property of the sludge and limit themselves to
investigating  factors responsible for the phcnomenon or to conducting
experiments over a relatively short passage of time.

The state of understanding cf the consolidation behaviour of the oil sands
tailings sludge is at a significantly higher level due to the volume of rescarch
studies carried out, mainly at the University of Alberta. Scott and Dusseault
(1980), Scott and Cymerman (1984), Scott and Chichak (1985 a, b, ¢), Lund
(1985), Scott, Dusseault and Carrier III (1986), Isaac (1987), and others
investigated consolidation and permeability characteristics of the sludge and
various sludge/sand, sludge/overburden mixes. Perkaps the most complete
work is that by Pollock (1988). In all the aforementioned experimental work it
was concluded that consolidation of the sludge was affected by thixotropic
hardening and further studies of this linkage were recommended.

Kessick (1979) compared rheologicai and stability characteristics of the sludge
with those of a 5% montmorillonite gel. The author determined gel strength of
the slurries by directly measuring the torque of a Fann Model Viscometer
rotated at low rates. The tests were carried up to 100 minutes of rest time after
stirring. Both slurries showed similar behaviour in which the strength
continued to increase with time.

Yong et al. (1982) studied dynamic processes which take place during aging of
sludge. A gel strength profile of a sludge pond is presented where gel
strengths were determined from Bingham curves (see Section 3.2.1.1) by using
the Rheomat 15 viscometer. The author shows there is some correlation
between gel strength and clay:water ratio. He also points out that thixotropic

regain occurs in samples aged overnight.

22



Scott, Dusscault and Carrier III (1985) measured apparent viscosity and
apparent yield strength of sludge samples and various sludge/sand mixes. For
"mature” sludge, the apparent viscosity was about 10 Pass and the apparent
yicld strcngth 70 Pa. The authors plot gel-strength development with time for
different mixes showing that the most rapid gain in strength occurs in less
than twenty hours with little or no increase after twenty days. The gel
strength is presented as "apparent rheidity"” (viscosity) which is related in
some linear fashion to the former.

Isaac (1987) devised an experiment to "find some relationship between
strength, time and apparent viscosity of sand and sludge mixes". Ten samples
with a sand to fines ratio of 4:1 and a moisture content of 22 to 23% were tested
after a rest period varying from one to thirty-three days. Undisturbed and
remoulded undrained shear strengths were measured using the Swedish fall
conc and laboratory vane. It was found that the undisturbed strengths rose
rapidly from 0.60 kPa to 1.70 kPa, where they secemed to remain fairly constant.
The remoulded strengths rose from 0.45 to 0.80 kPa. The author also reports an
cxperiment where a 30% solids sludge air-dried to and tested at its liquid limit
yiclded an undrained shear strength of 1.66 kPa and when allowed to rest for
twenty-four hours the strength rose to 4.25 kPa.

Danicison and MacKinnon (1990) investigated rheological properties of sludge
samples. Using the Haake Rotovisco Viscometer, the upper yield strength, fluid
viscosity, lower yield strength, and plastic viscosity were determined as a
function of time. It was concluded that the upper yield strength is dependent
on the aging and shear history of the tested sludge whereas fluid viscosity
(apparent viscosity at a shear rate of 2770 sec”!; as defined by the authors),
lower yield strength and plastic viscosity did not appear time or shear history

dependent. The authors also postulated that the thixotropic gain in sirength
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was uctive for a period of 10-15 hours after remoulding beyond which no
further increcase i~ strength was observed. For onc particular sample (26.6%
solids content or 276% water content) a peak upper yicld strength of about 10
Pa was measured which was approximately 1.8 times greater than the initial
upper yield strength.

From the above, it can be seen that the oil sands tailings sludge and its
thixotropic behaviour has been approached from the rheological perspective
and experiments have been conducted by means of various viscometers. On the
other hand, geotechnical strength tests have concentrated on sludge/sand and
sludge/overburden mixes. The lack of geotechnical strength tests on pure
sludge can perhaps be explained by the inability of standard equipment to
measure the very low shear strengths encountered in high water content

slurries.

2.5 Summarr of Important Findings
1. Oil sands tailings sludge is a very soft soil of high water content
characterized by its indusirial origin and with properties affected by threc
unique features: high content of chemical additives, presence of bitumen
and chemical and mechanical dispersion of particles.

2. The sludge causes a disposal problem not only because of the very large
volumes being generated but also because it consolidates at extremely slow
rates. This delayed consolidation has been linked to thixotropic hardening.

3. Thixotropy is of common occurrence in clay-water systems and is a function
of clay mineralogy, water content and chemistry, time and shear strains,
among others. Other researchers have postulated that it decreases the rate of

consolidation of a soil.
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4. Very soft soils arc unique in the fact that the principle of effective stress
should be modified when applied to them 1o include the intrinsic effective
stress (physico-chemical forces).

5. Bchaviour of very soft soils is still not well understood. Strength testing of
such soils is not well documented and lacks in uniformity of methods and
cquipment.

6. There have been empirical relationships developed for very soft soils
correlating the undrained residual shear strength with liquidity index. No
relationships between peak shear strengths and index properties have been
found.

7. There have been few studies investigating strength characteristics of the
sludge. Lack of appropriate testing equipment appears to be a main obstacle.

Thixotropic studies of the sludge have been of short duration.
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J_EXPERIMENTAL PROGRAM

3.1. Slurry Description and Preparation

3.1.1. Origin of Specimens

The oil sands tailings sludge used in the ecxperimental program can be divided
into two origins. Both samples of sludge were collected from the Mildred Lake
tailings pond in Syncrude's Oil Sand Lease property located in northern
Alberta. What sets them apart is the time when they were pumped out of the
pond and their subsequant storage. The first batch of sludge was, in fact, a
mixture of several shipments of the slurry collected from the pond between
1983 and 1986, transported to Edmonton and stored in a tank located at the
Syncrude Research centre. fhe first component of the mixture was pumped
from the pond in the summer of 1983 from a depth of 15 - 16 m below the water
surface at a central location of the pond. It was the same sludge that was used
in the 10 meter high standpipe experiment program at the University of
Alberta. The other major component of the mixture represented sludge
collected in the summer of 1986 from the northern part of the pond at a depth
of 15 - 16 m below water surface. In the tank, the sludge went through the
process of consolidation and biochemical changes associated with time and
elevated temperature. The sludge used for this research was obtained from
Syncrude on July 8, 1988. A 45 gallon drum was filled 10 3/4 of its height with
thick, mature sludge coming through a valve from the bottom of the tank.
There was no prior mixing of the content of the tank therefore the sample
represented only the most dense material. This sludge was used for all long
term tests (680 days). The second batch, consisting of two 45 gallon drums was
received from Syncrude Research on January 2, 1989, after a larger shipment

of sludge had been sent to Edmonton for research purposes. The sludge was
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pumped from the pond during the summer of 1988. The intake was located in
the northern part of the pond at a depth of 13 - 15 m below water surface in
the "immature" sludge zone. The water content of both batches of sludge was
measured upon receiving. It was determined that the water content in the first
batch of sludge was 168% (37% solids contert) and in the second batch 270%

(27% solids content).

3.1.2. Index Properties
- Water Content
The water content of the sludge is defined as the weight of the water divided by
the weight of the dry solids including bitumen:
w= m x 100% (3.1)
It should be noted that other definitions of water content of sludge exist in the

literature (Lord and Cameron, 1985), where bitumen is considered a liquid

rather than a solid:

M
wg = —ﬁ“ﬁ x 100%, (3.2)
S
M
or: W = ﬁ x 100% (3.3)
where: My = mass of water

Mp = mass of bitumen

M; = mass of solids

M, = mass of total soil volume = My + Mp + M;
The definition used here is cousistent with the point of view that during
consolidation of sludge bitumen remains with the solid particles permanently
and behaves like a semi-solid rather than a liquid. This view is supported by
experimental evidence (Scott and Dusscault, 1982). The procedure of measuring

water content was in accordance with ASTM D2216 - 80 "Laboratory
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Determination of Water (Moisture) Content of Soil, Rock, and Soil-Aggregate
Mixtures".

- Atterberg Limits
Test procedures to determine the liquid and plastic limit of the sludge followed
the standard ASTM D4318 - 84 practises. The samples of the sludge were air-
dried to the water contents close to thc liquid and plastic limits and only
distilled water was used for mixing purposes.

- Grain Size Distribution
The grain size distribution of the sludge was determined using the hydrometer
method in accordance to ASTM D422 - 63 "Particle-Size Analysis of Soils" with
the following modifications. Due to the nature of the slurry, two methods were
followed in this test. In the first, a sample was tested "as received" with all the
bitumen left in the slurry and without drying. A 4 to 6% solution of dispersing
agent (Calgon) was used. In some cases, foam (froth) appearsd on the surface
creating difficulties in conducting the test. In such cases, the sample was left
for about twenty minutes during which the foam subsided, then it was remixed
and, when no foam was present, the actual testing commenced. The specific
gravity of sludge solids (Equation 3.4) was used in calculations. The other
method required a bitumen extraction process to be carried out prior to the
hydrometer test. In this method, a sample consisted of mineral grains only
with traces of organic residue. However, the specimen was completely dried
during the extraction test. Visual examination of the soil determined that, at
least macroscopically, it did not require pulverizing. As in the first practice, a
dispersing agent of 4 to 6% solution of Calgon was used. The specific gravity of
the mineral grains was used in the calculations.
Both ways of preparing the samples have their potential flaws. In the first, the

lighter bitumen may be adhered to the mineral particles and may slow their
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rate of setilement. As . result, the grain distribution curve would be shifted
towards the finer grain size. In the other method, the eclevated temperature
during the extraction and drying procedure may cause cementation and
bonding of particles thus giving a lower fines content. The results will be
prescnted and discussed in Chapter 4,
- Bitumen Content
The bitumen content is defined as mass of bitumen over the mass of mineral
grains only. A Modified Method 2.7 (AOSTRA, 1979) "Determination of Bitumen,
Water and Solids Content of Oil Sands" was used to determine the bitumen
content. The sludge sample was separated into bitumen, water and solids by
refluxing with toluene in a solids extraction apparatus. Condensed solvent and
co-distilicd water were continuously separated in a trap, the water being
retained in the graduated section. The solvent was recycled through the
extraction timble of the extraction apparatus to dissolve the bitumen. The
solids werc determined gravimetrically by combining the contributions for
solids retained by the extraction thimble and for the non-filtered solids. The
bitumen content was determined by difference.
- Specific Gravity

The specific gravity of the sludge solids is a weighted average of the bitumen
and mineral particles and is defined as follows:

b + 1

Gss= §7Gy + 1/G,

(3.4)

where b is the bitumen content as defined above, Gp is the specific gravity of
the bitumen (1.03) and Gs is the specific gravity of the mineral grains. The

specific gravity of the mineral grains was determined in accordance to the
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procedure outlined in ASTM D854 - 83 "Standard Test Mecthod for Specific

Gravity of Soils".

3.1.3. Slurry Containers
A number of containcrs were needed to store samples of sludge up to 680 days.
The containers had to fulfill several criteria:

- impermeable,

- rigid and strong to minimize disturbance during storage, moving
and testing of the samples,

- chemically inert,

- diameter large cnough to allow at least four viscosity
measurements, one vane shear, one fall cone, and one cavity test
in different locations of the planar cross-section,

- height permitting insertion of oversized vanec even after long
term self-weight consolidation.

A 297 mm (11 11/16") outside diameter PVC scwer pipe was selected as the
material closest suited to the objectives of the research. A total of eighteen 191
mm (7 1/2") high pieces were cut and machined. A 6.4 mm (1/4") PVC bottom
was attached to each piece by means of Weld On plastic pipe cement and sce-
through clear acrylic lids were fabricated to prevent moisture cscape from the
sludge in containers. The purpose of using see-through lids was to monitor
any changes on the surface of samples. In some cases, a plastic wrap was used
as a container's seal. Plate 3.1 shows several filled and sealed containers stored

on laboratory benches which were constructed for purposes of this research.
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3.1.4. Drying and Centrifuging of Sludge

An efficient and relatively quick method of bringing the water content of
sludge from the initial to that required had to be devised as volumes of sludge
were substantial. In most cases the water content was to be lowered. The
method that best modeled the processes of settling and consolidation of the
sludge, both occurring in the pond, was centrifuging. Implementation of this
mcthod, however, proved to be highly impractical due to the low volumes the
available centrifuge was able to handle thus making it time consuming work.
Moreover, it was found that after about eight hours of centrifuging at 1600
r.p.m. the water content of the sludge was only lowered to 120% (45% solids
content) and further efforts were bringing very little change in water
content. The other method which was eventually adopted consisted of
cvaporating of water from the sludge. It should be noted that this method
increases the salt content of the pore water which may affect the strength
propertics of the sludge. This dilemma had to be addressed and it was decided to
determine the Atterberg limits on both, centrifuged and air-dried sludge. The
results will be presented and discussed in Chapter 4 of this thesis. The steps in
sample preparation were as follows. The sludge was thoroughly mixed in the
drum in which it was received. This ensured a uniform material throughout
thc drum. A container was then filled with the sludge extracted from the drum.
Subsequently, the container was set aside to air-dry at room temperature or it
was put in a fume hood to accelerate water evaporation. During the process of
drying, the slurry was frequently mixed to maintain uniformity of the sludge
ana more material was added to the container to make up for the evaporated
volume of water. When, judging by the consistency of the sludge, the target

water content was being approached, the actual water content was determined.
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If the water content was equal to that required, the sample was mixed again,
sealed by the means of a lid or a plastic wrap and sct aside for its period of
aging. If the water content was still too high the drying and mixing was
continued. If the water content was too low (too much water evaporated from
the sample) distilled water was added until the desired water content was

achieved.

3.1.5. Diluting with Pond versus Distilled Water

The question whether to use pond or distilled water for diluting the sludge was
answered by following a simple rule: if the sludge was considered to achieve
its current water content through sedimentation and consolidation, pond
water was added. If, however, the sludge was dried down to the current water
content, distilled water was added. The purpose of this distinction was to
maintain the original salt content of the sludge or, to be more precise, to not
increase the salt concentration. For instance, pond water was added to the
sludge taken from the drums to create samples with water contents of 300%
and 400% because the water content of the sludge in the drums was lowered

through consolidation, either in the pond or the storage tank.

3.1.6. Mixing

Mixing was a very important aspect of sample preparation and it was carried
out frequently throughout the projeci. The main purpose of mixing was to
provide a material of wuniform consistency. Furthermore, mixing was
performed when a sample had to be remoulded. Two mixing tools were used:
one, a power drill with a mixing blade extension, for most of the sludge, and
the other, a Hobart heavy duty mixer with a paddle mixing blade, for the high

solids content sludge.
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3.2. Testing Equipment and Techniques

3.2.1. Viscosity Measurements

3.2.1.1. Theoretical Background

Rhecological properties of very soft soils ard slurries are becoming
increasingly more used among geotechnical engineers in describing the soils’
bchaviour. Rheology is concerned with the flow of any substance whether a
gas, a liquid, or even deformation of metals. It embraces flow in all its aspects,
whether of momentary or continued duration and all the effects that
influence flow. Viscosity, on the other hand, is merely one aspect of the flow
process. Defined, it is a measure of the internal friction resisting the
movement of each layer of material as it moves past an adjacent layer
(Brookficld, 1961).

Locat and Demers (1988) state that for some sensitive clays there are positive
rclationships between plastic viscosity, yield stress, remoulded shear strength,
and liquidity index. It has been observed that soft clays and siurries display
non-Newtonian flow behavior. The flow properties of Newtonian fluids are

casily characterized by one parameter known as viscosity. This value can be

obtained by means of Newton's law which states that a plot of shear stress (T)

versus shear rate () is linear and the slope of the line is the viscosity:

n=; (3.5)

The assumption in this type of flow is that, at a given temperature, viscosity is
independent of the rate of shear. This is illustrated in Figure 3.1; curve A, a
straight line of slope n through the origin, represents Newionian flow. It is
convenient to represent the behaviour of flowing materials b: means of flow

curves, that is, graphs of shear stress against strain rate, as in Figure 3.1. An
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equivalent representation is L; means of a graph of viscosity against strain
rate (Figure 3.2). ‘'Juiike Newionian fluids, non-Newtonian systems may be
both shear and time dependent. There are several models proposed for non-
Newtonian fluids. One of them is the Bingham model illustrated by cturve B in
Figures 3.1 and 3.2. This bchavior can easily be represented by two parameters:
a yield stress (the extrapolated intercept at zero shcar rate) and the plastic
viscosity (the slope of the line using the yicld stress as the origin} (Roscn and
Foster, 1978). The model represents a solid but is used only when flow occurs. It
is postulated that the material behaves as an elastic solid for stresses less than
a yield stress and that, for greater stresses (Whorlow, 1980),

T— Ty =TpL ¥ (3.6)
The behavior of many clay slurries may be rcpresented recasonably
adequately, cver a limited range of strain rates, by the Bingham model.
Whorlow (1980) states that from his experience the bechavior of all materials
departs significantly from the model in at least one respect. The flow curve is
not linear, except over a very limited range of strain rates; the strain rate for
a particular stress is likely to be different, probably higher, if the stress has
decreased to this value rather than increasing to it; and the yield stress is not
well defined.
The Power Law fluid medel may be expressed by the following equation:

T=kyn 3.7
where n is the power law index, and k is the fluid consistency parameter. The
flow curve, Fig. 3.1(C), becomes linear if logarithmic scales are used on the
axes; the slope of the curve will be n and the intercept log (k). For a power law
fluid with n<1, the viscosity decrcases as the shear rate increases, Fig. 3.1(C)
and 3.2(C), and the fluid is said to show shear thinning (Whorlow, 1980). Shear

thinning should net be confused with thixotropy which is a time-dependent
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cffect. A more precisc way of describing this kind of behaviour is to say that
the fluid is pseudoplastic, implying that it shows a time-independent decrease
of viscosity with an increasc in shear rate but, unlike the Bingham model, does
not have a yield stress (Whorlow, 1980). For n>1, shear thickening materials
arc encoui-zr=d, that is, materials which increase in viscosity as the the rate
of shear incr;ases, Fig. 3.1(D) and 3.2(D).
The Herschel-Bulkley model represents a large number of materials for which
the flow curve is no longer straight above the yieid stress, Fig. 3.1(E) and
3.2(E)

T=Ty+ky". (3.8)
The Bingham and power law models can be regarded as special cases of this
model.
Another special case of the Herschel-Bulkley model is a group of fluids
described by means of the Casson equation (Rosen and Foster, 1978):

T 2=ty s Kyl (3.9)
There appears to e some confusion in the literature as to the term 'viscosity'.
Whorlow (1980) cxplains: "Some workers restrict the use of the term 'viscosity'
to matcrials for which 7 is constant and in other cases they call 1 the
‘apparent viscosity'. Unfortunately, the term ‘apparent viscosity’ is also used
in a different sense, as the name for the quantity calculated from
mecasurements in a particular instrument using a calibration formula which is
appropriate only to fluids of constant viscosity.” Thcrefore, to obtain a value of
apparent viscosity the corresponding shear stress and shear rate must be
directly defined. It is incorrect to refer to the viscometer's rotational speed as
shear rate, as sometimes is encountered in the literature. By itself, the

apparent viscosity measured under only one set of conditions is of relatively
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little value with non-Newtonian fluids, and measurements at two or more

speeds must be reporied (Back, 1959).

3.2.1.2 Brookfield Synchro-Lectric Viscometer

From a large variety of viscometers available on the market, the Brookfield
Synchro-Lectric Viscometer, model RVT was selected for this rescarch. There
were several reasons for choosing this particslar apparatus. The viscometer
had been purchased prior to commencing of this project and an expcrimemtal
procedure and results were available. Of more importance, for the planned
large number of tests, simplicity and case of operation was a key factor. An
important feature of the Brookfield viscometer was the Helipath Stand which,
combined with the T-bar spindles, offered the least disturbance of the material
during experiments (see Plate 3.2).

Brookfield viscometers are perhaps the most popular instruments in
rheological measurements world-wide. They employ the well-known principle
of rotational viscometry: they measure viscosity by sensing the torque
required to rotate a spindle at constant speed while immersed in the sample
fluid. The torque is proportional to the viscous drag on the immersed spindle,
and thus to the viscosity of the fluid. The basic model, the dial reading
Synchro-Lectric Viscometer drives a cylinder or disc, which is called a
"spindle”, in a fluid and measures the torque, necessary to overcome the
viscous resistance to the induced movement, through a beryllium copper
spring which indicates on the viscometer's dial the degree to which the spring
is rotated. The instrument is able to measure over a number of rpm ranges
since, for a given drag, or spring deflection, the actual viscosity is
propcrtional to the spindle speed, and is also related tc the spindle's size and

shape. For a material of given viscosity, the drag will be greater as the spindle
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size and/or rotational speed increase. The minimum range of the viscometer is
obtained by using the largest spindle at the highest speed and the¢ maximum
range by using the smallest spindle at the lowest speea. The viscometer is
powered by a precision synchronous inductor type motor. Speed changces are
cffected by a gear train having cight speeds. Speeds are changed from the
lowest, 0.5 rpm, to the highest, 100 rpm, by means of turning a speed control
knob. The viscometer is provided with a clutch lever. Depressing the lever
raiscs the dial against the pointer and "holds" the instrument's reading. When
the clutch is rcleased the dial will lower and the pointer will be free to seek its
ov.u nosition. The torque beryllium copper spring is extremely resistant to
fatigue and does not change its characteristics even after hundreds of
thousands of flexings. Its calibration as lisied by the manufacturer is 7187.0
dyne-centimeters (7.187x10'4 Nem) which corresponds to the full dial scale.
The viscometer comes cquipped with a set of 7 spindles. The spindles are of disc
shape and provide apparent viscosity determinations in a variety of liquids.
An optional, cylindrically shaped spindle had been purchased in addition to
the standard spindles for rheological measurements in oil sands tailings
sludge. This spindle provides a scientifically defined spindle geometry for
calculating shear stress and shear rate values as well as viscosity. In spite of
the fact that a similar material was used in this research the disc and
cylindrical spindles could not be used. That was due to the nature of the
cxperiments. Inserting a spindle into a specimen would cause so much
disturbance in the delicate gel structure that obtaining a true peak value of
viscosity would be impossible. Theoretically, a spindle could be immersed in a
specimen immediately after remoulding and left there for the period of aging
until the actual test would take place. However, with the number of tests going

into hundreds and aging periods up to 680 days, this solution was not practical.
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To resolve this problem, it was decided to usc the so called T-bar spindles. Six T-
bars, with crossbar lengths ranging from 10.9 to 48.1 mm, come as standard
equipment with another Brookficld accessory, thc helipath stand. The
uniqueness of the helipath stand lies in its ability to slowly lower or raise the
viscometer so that its rotating shearing clement will describe a helical path
into the test sample. The vertical speed of the movement is 22.2 mm per minute.
By always cutting into fresh material meaningful measurements of pecak shear
resistance can be made. Unfortunately, this feature comes with a trade-off: T-
bar spindles do not have directly definable shear rate and shear stress valucs.
While T-bar spindles can be successfully used for determining viscosity of
Newtonian fluids, no mathematical models are available for calculating
viscosity functions for non-Newtonian fluids. Therefore, measurcments
conducted with these spindles cannot be regarded as apparent viscosity values
but can only be treated as index values. The test results in this research are
therefore treated as index values and only “viscometer readings" are used in
the analysis of the thixotropic behaviour of the sludge. An exception is the
plotting of the "apparent viscosity” (as described in 3.2.1.1) versus the
rotational speed of the instrument for the purpose of comparing the cffect of

the shear rate with the model curves available in the literature.

3.2.1.3 Testing Procedure

Each viscosity test consisted of four sets of measurements. Each set was
performed at a different rotational speed: 1.0, 2.5, 5.0, and 10.0 rpm. Within
each set, there were two groups of readings: peak and residual. The viscometer
was located in a designated place in the laboratory for all viscosity tcsts. Before
each test, the helipath stand and the viscometer were both checked for

horizontal position and adjusted, if necessary, with the help of three levelling
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screws. A container with a sludge specimen was then placed directly under the
viscometer. Special care were taken o assure no disturbance to samples during
handling. Containers with sludge for short term tests (zero to five days afier
remoulding) were aging either directly underneath the viscometer, so they
would not have to be moved, or on the bench next to it, so their travel would be
minimal. The next step involved selecting an appropriate T-bar spindle and
fastening it to the viscometer by the means of a chuck, weight, and closer
assembly. The lid or plastic wrap was then removed from the container, the
rotational speed was set, the drive unit of the helipath stand was engaged, the
viscometer lowered and readings were taken. After a remoulded value was
cstablished the spindle was brought back above the sludge surface, removed,
and cleaned. The cylindrical container was then turned, so the next immersion
point would be at least three spindle diameters away from the previous one, a
different rotational speed was set, and the whole procedure was repeated. After
a complete test (four rotational speeds), the temperature of the sludge was
mecasured and recorded.
i) Peak Values

Recording peak values was much more difficult compared to residual readings.
Accuracy and effectiveness were required from the operator as this part of the
test took only slightly more than a minute (about 70 seconds). Depending on
the rotational speed of the viscometer, two to ten readings had to be taken and
recorded in the span of that time. The dial could be monitored only during one
third of a full revolution because the other two thirds were not visible. Peak
readings were recorded from the surface of the sludge to a depth of 25.4 mm (1
inch). For the speeds of 1.0 and 2.5 rpm the spindle was rotating continuously
but for 5.0 and 10.0 rpm the rotation of the spindle was stopped after each

reading for several seconds. It was discovered that with the two higher speeds
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the rate of rotativa was so high compared to the vertical travel that the sludge
was being constz:ntly disturbed and in order to obtain "true" undisturbed
readings the spindle had to be stopped until it reached a new layer of the
material. If suspicious values were recorded. the test was rcpeated at a
different location within the same specimen. The highest valuc was taken as
the peak reading.
ii) Residual Values
All residual readings were taken at an arbitrarily chosen depth of 25.4 mm,
measured from the surface of the sludge or the water-sludge interface in case
of detectable self-weight consolidation. When the spindle reached that depth
and peak readings were completed the helipath stand was stopped.
Subsequently, readings were taken at every revolution until they displayed no
further decrease or if they started to increase. The duration of this part of the
test varied from two minutes for the shortest tests to over eight hours for the
longest (680 days) tests. The lowest value was taken as the residual reading.
iii) Data Recording and Processing

All readings were taken and recorded manually on a specially formatted sheet.
Data from test report sheets was then entered into a Macintosh SE computer
and processed using Cricket Graph application software. Each viscosily test was
presented in form of two plots: viscometer reading versus viscometer
rotational specd, and "apparent viscosity" versus viscometer rotational spced.

The results will be discussed in depth in Chapter 4.

3.2.2 Shear Vane Testing
3.2.2.1 Theoretical Analysis
The shear vane test is one of the most widely used methods for determination

of the undrained shear strength of soft clays. Both, in situ and in the
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laboratory, it gives a rapid and reliable estimate of ti : undrained strength.
The vane shear device was developed indepcndently in ‘eden and Germany
during 1928 and 1929 (Arman, et al., 1975). Although sc ae historical records
date the development of the vane test back to the Olsson vane borer in 1910s, it
was not until the late 1940s that the field vane was developed in its modem
form by such people as Carlson (1948) and Skempton (1948) (Mahmoud, 1988).
Cadling and Odenstad (1950) carricd out an extensive investigation of the the
vane shear test in which they examined various possible factors expected to
influence the measurements of the vane shear strength. Since then, the test
has been the subject of interest for numerous authors who have attempted to
analyze the test experimentally and theoretically to gain better understanding
of this apparently simple device, and to establish why the measurements of the
vane shear strength is often different from the undraincd soil shear strength
mcasured with other methods. For this reason, the vane test has been subjected
to considerable criticism expressed by many authors, among them
Schmertmann (1975). Flaate (1966) suggested the following assumptions for
calculating the undrained shear strength of soils from the vane device:
1. The soil is completely undrained; i.e., no consolidation takes place either
during the installation or the actual test.
2. No disturbance is caused by the installation of the vane.
3. The remoulded zone around the vane is very small. (This necessitates a
very small area ratio.)
4. There is no progressive failure. The maximum applied torque overcomes
the fully-mobilized shear strength along a cylindrical surface.
5. Isotropic strength conditions exist in the soil mass.
Cadling and Odenstad (1950) developed the relatiorship between shear

strength and torque described by:
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2T

D (3.10)
D2 (H + 3

Tmax =

where Tmax = ¢y = undrained shear strength, T = torque, D = vane diameter, and

H = vane height. Skempton (1948) observed that thc failure surface had a
larger diameter than that of the vane and modified Equation (3.10) including
an effective diameter taken as 1.05 of the vane diameter. Flaate (1966) further
modified the relationship by assuming the shear strength at the ends of the
sheared cylinder to be mobilized proportionally to the radial distance from the

centre of the vane:
_T
nD3’

\O joo

Tmax = D =Hf2 @3.11)

The effects of the vane shape and size were investigated by Flaatec (1966),
Osterberg (1956), Eden and Hamilton (1956), Andresen and Sallie (1966), Arman
et al. (1975), and many others. Cadling and Odenstad (1950) indicated the vane
size had no influence on vane strength for the remoulded clay tested. Arman
et al. (1975) concluded that vane shear strengths were generally independent
of vane size. In the same study, however, field vane measurements were
observed to yield significantly greater strengths than laboratory shear vane
tests.

The area ratio of a vane is defined as the ratio of the cross-sectional arca of the
vane to cross-sectional area of the sheared cylinder, which is directly
proportional to the vane size. An optimum area ratio recommended by various
authors ranges between 10% and 25%.

A height to diameter ratio of 2 has been accepted by most manufacturcrs of
vane shear devices as universal. Cadling and Odenstad (1950) showed that,
when an H/D ratio of 2 is maintained, the vane diameter has no cffect on the

results. Bazett et al. (1953) and Osterberg (1956) reached similar conclusion.
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The criticism of the shear vane test concentrates around several main factors
which affect interpretation of results. As listed by Elder (1985), these factors
are:

1. A predetcrmined failure surface, nominally a vertical cylinder. Wilson
(1963) observed that the initial surface was almost square at low rotation
angles. Rush (1974) confirmed that prefailure strains were consistent with
Wilson's observation.

2. The shear stress distributions on the horizontal and vertical failure
surface are not known accurately even for isotropic soil states. It is
generally agreed that the shear stress on the vertical surface is
approximately constant away from the ends but that the shear stress on the
horizontal surfaces is highly non linear and very small near the axis
(Menzies and Merrifield, 1980; Donald et al., 1977). Jackson (1969) modified

the conventional analysis (3.10) to give:
2T

. D (3.12)
D2 (H + N

Tmax =

]

3.0 - uniform shear on horizontal surfaces,

3.5 - parabolic shear on horizontal surfaces,

= 4.0 - triangular shear on horizontal surfaces,

Zz 2z Z Z

= 3.7

empirical correlation (Yarra Clay).

Wroth (1984) suggested a power law relationship to describe this variation:

t=rmax(5‘,—2>“,n=s (3.13)

at radius r from the axis of a vane of diameter D and height H. Assuming Tmax is

fully mobilized on the vertical surface, the shear strength (cy = Tmax) may be

obtained in terms of the total torque exerted, T as:

D
2 D
D (H + 3
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As shown by Wroth (1984), for a H : D ratio of 2 and for n = 5 the resistance
measured is almost entirely due to the shear stress on the vertical planc which
contributes 94% of the total torque. For n = 1 (triangular distribution), the
vertical surface shear contributes only 89% of the total torque.

3. Anisotropy of strength. Many authors studied this problem using vanes
with different H : D ratios or using diamond shaped blades (c. g. Aas, 1965;
Richards et al., 1975; Mensi~< and Mailey, 1976). Donald et al. (1677) concluded
that the strength on ..... :: surfaces could not be estimated by any
current method, une<. - -oil is isotropic and non work-softening.
Additional doubts arisc with progressive failure where peak strengths arc
mobilized at different rotations on different planes (Wiesel, 1973).

4. Rotation rate. Cadling and Odenstad (1950) showed that a strength

measured at a rotation rate of 60°/min was 20% higher than strengths
determined at a rotation rate of 6°/min, Monney (1974) found that laboratory
strengths obtained at a rotation rate of 90°/min were nearly 30% higher
than strengths measured at 1°/min. Migliore and Leec (1971) observed that
laboratory strength differences resulting from different rotation rates were
greater on samples of higher quality. This observation was also corroborated
by Smith and Richards (1976). Perlow and Richards (1977) proposed an
angular shear velocity ¢f 0.15 mm/s as the standard for both laboratory and
in-situ measurements. Thus, laboratory measurements made using the
standard 0.5-in. (12.7-mm) diameter vane should be made at a rotation rate of
about 80°/min (23 mrad/s). Larger vane sizes should be rotated at reduced
rates in accordance with:

v=ra (3.15)
in which v = angular shear velocity, r = vane blade radius, and @ = vane

rotation rate,.
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The advantage of comparing shear strengths at a standard angular shear
velocity is that many of the uncertaintics associated with rotation rate and
vanc size would be climinated.

5. Consolidation of soil around the vane. Rush (1974) reported increase in
strength with a delay between insertion and testing amounting to a 20% rise
after about one dJday. After which the strength then remained constant. Aas
(1965) showed that, if the vane is left one day after penetration, the average
ratio between failure torques observed in consolidated-undrained and
undrained tests varies between 1.28 and 1.52. There was no significant
diffcrence between the shecar strength observed in the tests where the vane
was left for one day and in the tests where it was left for two or three days.

In spitc of all the uncertainiies and variabilities described above, vane shear

testing remains the most widely used in soils which are too soft to sample for

iriaxial testing. It i: the source of most data relating undrained strength to

liquidity index (e.g. Skempton and Northey, 1953; Bjerrum, 1954; Mitchell, 1956;

Sharnon and Wilson, 1964; and others). Due to the physical properties of the

oil sands tailings sludge triaxial tcsting was impossible to conduct and vine

shear testing =as the only widely used geotechnical method of determining
the undrained shear strength of the material. In this research the accuracy of
strength measurements was less important than their consistency because the

objective was to study the relaiive change in strength with time.

3.2.2.2 Standard Vane Shear Apparatus

One of the most popular laboratory shear vane testing instruments is the
Wykeham-Farrance miniature vane shear test apparatus. The machine's main
components are a frame and stand, a vane mounting assembly, a miniature

vane, a torque sensor and a means of displaying torque as a function of
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angular rotation. A typical four-blade vanc is 12.7 mm wide and 12.7 mm long
(0.5 in x 0.5 in). The torque sensor may be cither a strain gage mounted
clectronic torque ccll or a calibrated spring, the latter usually being used in
this particular apparatus. Four torsional springs of different stiffncsses arce
available as torquc measuring devices. The rotation rate of the vane itselfl is
far from constant and may differ by an order of magnitude or morc from the
applied constant rate at thc top of the spring (Lce, 1985). The vanc rate is far
below the spring top rate until a peak torque is reached. After failure, if the
soil displays a strength reduction with further strain, the vane rate becomes
higher than the spring top raie.

Despite its limitations, the minivane has been, as Lec (1985) puts it, "the
workhorse of the marine geotechnical community for over 20 ycars and is still
probably the most commonly used procedure for estimating shearing

strength"”.

3.2.2.3 Modified Apparatus

Modifications made to the standard vane apparatus were inspired by the work
of Elder (1985) and Bowden (1988). The hand operated drive mechanism was
replaced with a Pittmmann 12 volt DC motor which was controiled by an Atex
variable DC power supply. The motor wa- connccted with the drive mechanism
through two belt-driven gears. The smaller gear had 20 teeth, the larger - 60
teeth. This arrangement allowed a constant vane rotational speed of anywhere
between O0° and 120° per minute. The torque measuring spring was replaced
with a rigid transducer consisting of a hollow brass shaft machined over a
necked middle region to 3.00 * 0.01 mm OD (Figure 3.3). Two types were
fabricated: one, with a wall thickness of 0.15 * 0.01 mm, for low strength

measurements, and the other, with 2 wall thickness of 0.35 £ 0.01 mm - twice
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the capacity of the first, for slurries of higher strengths/lower water
contents. The first type of torque cell had a yield torque of approximately 180
Nmm, the second - 360 Nmm. Each transducer was equipped with a Kyowa (KFC-
2-D2-23) four arm balanced strain gauge bridge which measured the electric
signal, in volts, directly proportional to the applied torque and independent of
axial stress. The torque celis were calibrated using the system shown in Plate
3.3 and 3.4. The system consisted of a calibration moment cylinder with a "V"
groove connected through the vane mounting assembly with the torque cell,
two contort holders with rotating disks attached to them, and a set of weights.
Weights of known mass were suspended by a thin fishing line from a free-
rotating disk and connected to the moment cylinder. The two lines
representing moment arms were parallel to each other and both were in a
horizontal position. The signal response for each pair of weights was recorded
and plotted giving the calibration curve. The curves were linear over the
range of torques encountered in this research and a single calibration
constant was used for each torque cell to convert transducers signals to
applied torques. Assuming validity of Equation (3.14) for the undrained

strength
2T

D
2 b
D+« (H +n+3

Cu=Tmax =

values of cy accurate to 1 Pa or smaller could be obtained with this system.

Three custom-made shear vanes were used for the strength testing. Two of
them, with the H : D ratio of 2.0, had four blades, the third, one with a ratio 1.0,
had six blades. The smallest vane, stili larger however than the standard one,
was 40 mm high by 20 mm wide and was constructed of sheet stainless steel
with a thickness of 0.35 mm, and fixed at the top to a rod of diameter 4.7 inm.

This vane was designated with the description 20 mm vane. The next vane was
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very similar to the 20 mm vane, with the exception that it was larger; its
dimensions were 30 mm by 60 mm and it was labeled 30 mm vane. The largest
vanc, the 80 mm vane, had six blades as opposcd to the standard four, H : D ratio
of 1.0, and diameter of 80 mm. It was fabricated from stainless steel | mm thick
and sharpened at the lowcr edge to assurc entry with minimum disturbance.
The 80 mm vane was used in most of the tests, 20 mm vane - in all liquid limit
samples, and 30 mm vane - only occasionally as a check between the other (wo
vanes. The ASTM D 4648 - 87 Standard Mcthod for Laboratory Miniature Vane
Shcar Test for Saturated Fine-Grained Clayey Soils rccommends that the vanc
d e ro more than 15% of the soil being tested as defined by the vane arca
I

Va = Cross-section arca of the vane
A= Cross-section area of failurc cylinder

(3.16)

All  three vanes had the vane area ratios well below the recommended
maximum: 20 mm vane had 4.5%. 30 mm vane 3.0%, and 8¢ mm vane 4.8%.

The reasoning behind using a six-blade vane instead of the standard four-
blade one was the assumption that with the large diameter of the vane and
extremely low strength/stiffness of the slurry, six blades would mobilizz much
greater volume of the material than four blades. This mecthod would closer
approach the ideal circular failure surfacc and minimize the problem of

progressive [failure.

3.2.2.4 Data Acquisition System

The electric signal coming from the torque transducer was amplificd by a
Measurements Group Instrument Division Model P3500 strain gauge indicator
and sent to a Fluke 2240B data logger which had an Option 17 board mounted on

it. The data logger was interfaced with ar IBM-clone personal computer
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cquipped with two disk drives. The data acquisition was controlled by the
Tcchtran software, a computer program written by the electronic personnel
in the Department of Civil Engineering at the University of Alberta. This
particular system was capable of recording two readings per second which was
cspecially important in the initial stage of the shcaring tests where the peak
strength was reached within first en degrees of vane rotation. The readings

were stored on 5 1/4 inch magnetic diskettes.

3.2.2.5 Testing Procedure

The testing procedure was in accordance with the ASTM D 4648 - 87 unless
otherwise specified. The modifications of the vanes were discussed in details
carlier. It should be added that the standaid recommends blades with the
hcight diameter ratio of 2:1 although it permits using a ratio of 1:1, with a vane
blade diameter varying from 12.7 to 25.4 mm. Vane rotational rates were
dctermined according the angular shear velocity approach as recommended
by Perlow and Richards (1977) and advocated by itic ASTM standard. Based on

the proposed velocity of 0.15 mm/s and equation 3.15, the following rates were

chosen:
20 mm vane - 60°/min vs. 51.6°/min recommended
30 mm vane - 40°/min vs. 34.4°/min recommended
80 mm vane - 15°/min vs. 12.9°/min recommended.

All chosen rotation rates corresponded to the angular shear velocity of 0.17

mm/s. The achieved accuracy of the rotation with the modified apparatus was

within * 2°min. The ASTM standard recommends a constant rate of 60 to

90°/min for typical vanes but makes a reference to the earlier described

approach.
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According to the standard, the vanc should be inserted in the sample 0 a
minimum depth cqual to twice the height of the blade 10 ensure that the top of
the vanc blade is cmbedded at least one vane blade hecight below the sample
surface. This procedure was followed for the 20 and 30 mm vanss. However, for
the 80 mm vane the recommended insertion depth was impossible to achieve
due to low sample height to vane blade height ratios. Instcad. a constant depth
of 25 millimeters below the sample surface to the top of the blade was adopted
for the 80 mm vane,

The peak strengin was reached wusu:i- within the first ten degreces of vane
rotation and the accuracy of determizing the value of it depended on the
rotation rate. As mentioned earlier, the systcm was capable of taking two
readings per second, therefore the number of readings reccorded during the
first ten degrees varied from 20 for the 20 mm vane to 80 for the 80 mm vanec.
Thus, it was more possible to miss the true peak wvalue with the 20 mm vane
than with the 80 mm vane.

To obtain the residual strength, rotation of the vane was continued until
readings were constant and did nct decreasc any further for at least 40 degrees
of rotation or if they started to increase again continually. The ASTM standard
reccommends a minimum of five tc ten revolutions of the vane in order to
obtain the remoulded strength. However, in this case, that recommendation
was not foliowed for several reasons. Firstly, due to the consistency of the

slurry the full remoulding was achieved much sooner; depending on the age

and the water content it varied from 180° (hali revolution) to a maximum of
1440° (4 revolutions). Secondly, the time factor played a significant role: tests
performed with the 80 mm vane required 24 minutes to complete one
revolution and it was decided to limit these tests to 2 revolutions and, in cases

of low water content/old age samples, to 3 revolutions. This procedure gave
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satisfactory results. When the 20 mm vane was used with the liquid limit
samples, the shearing continued for four full revolutions when it was deemed
neccessary.

Data processing and reduction required scveral steps. As mentioned carlier,
raw data, in form of time and voltage readings, was stored in files on § 1/4"
floppy disks. Each file was then transformed to a Lotus-readable format. The
ncxt step required using another computer as files were imported to Lotus
format and stored on smaller, 3 1/2" disks. The size of the files was reduced by
delcting all redundant channels. The files were then ready to be transferred to
the Apple computer system. The transfer was made possible by an Apple File
Exchange program installed on an Appile Mac II computer. The transferred
filecs were then read by the Excel program. The final step involved taking the
disks to a Macintosh SE computer, transferring the files to a Cricket Graph
format and reducing the data. The results of each test were then plotted in

form of a stress-strain diagram.

3.2.3 Cavity Expansion Testing

Cavity cxpansion testing was originally to be included as an integral part in
this research program and a considerable amount of work had been done in
literature search, equipment design, and preliminz¢y testing. However, it was
later realized that with the number of other tests and a far-from-perfect state
of development of this test, cavity expansion testing would be a separate
rescarch topic in itself and it was beyond the scope of this thesis. Therefore,
further efforts were halted. Presented here, are the results of the preliminary
work done on cavity expansion testing in this research program.

The concept of cavity expansion testing in slurries followed Elder (1985). Most

of what is presented in this section is based on Elder's work. Although the
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problem of cavity expansion had been considered theoretically long before
Elder, therc had been no practical developments in actual testing. Elder was
first to build an apparatus employing the theory of cxpansion of a spherical
cavity in soil. Spherical (or hcmispherical) cavity analysis is uscd to modecl
aspects of pile and cone penctration, where expansion occurs from a zero
initial radivs, and cylindrical analysis is used to intecrpret  the pressuremeter

test with cxpansion from a finite radius, detcrmined by borchole size.

3.2.3.1 Theoretical Analysis

Spherical expansion analyses are formulated in spherical co-ordinates (r, 0)
where symmetry applies. The self-weight of soil is assumed negligible. The
equation of equilibrium of a soil element at a distance r from the centre of the

cavity reduces to

96 2
ar+r(<5,-<59)=0 (3.17)

where G is the radial stress and Gg the circumferential stress. A homogencous
and isotropic soil mass is assumed. The cavity is surrounded by a plastic region
cxtending from the current cavity radius R (initial value Rcg) to a radial
distance Rp, beyond which linear elastic behaviour occurs. Solution of the
problem requires use of a relationship describing the yield bchaviour and for
soils the Mohr-Coulomb criterion is suitable

O - Cg = (Or + O@) sind + 2¢ cosP (3.18)
Bishop, Hill and Mott (1945) solved the case of a frictionless (¢ = 0)
incompressible medium where equation (3.18) reduces to the Tresca criterion
and Gibson (1950) analyzed the cohesionless case (c = 0) for a purely
frictionless material, also assuming incompressible conditions. Vesic (1972)

provided the most general analysis in which he considers the conditions at an
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ultimate cavity pressure, py, only and uses the Mohr Coulomb criterion. The
total volume changes of the elastic and plastic zones are assumed equal to the

change in volume of the cavity and the result is written as

3(1+sing) Gley  —25ine (3.19)

Pu= (po + ¢ cot®) =y o T ey Gloy  (1+sine)

wherc the expression is a close approximation for€y < 0.15 and 0 < ¢ <45° and po
is the initial uniform stress in the soil, ¢y the undrained strength and G the

-

clastic shear modulus. The average volumectric strain 7y has to be dectermined
in somc way as a function for some volume cha: ¢-~tress relationship. This
analysis is not valid for ¢ = 0, where the Bishop e: .: solution applies. Elder
(1985) in his study assumed undrained (inconiz:. .hle) conditions. The
undrained soil moduli are related by G = E/3 and the cohesion, ¢, is equivalent
to the undrained strength ¢y, His analysis follows that by Bishop, Hill and Moti
but retains several tzrms assumed negligible in the original analysis, in order
to assess their importance in very soft soils. The assumptions of isotropy and
homogencity apply and the initial total stress state is assumed to be po
cverywhere in the soil (r > Rcp). The effect is considered of an increase in
cavity pressure from po by an amount Ap, causing a radial displacement u(r)
and stress changes AGr, AGg at a radial distance r. Yield will occur (initially at
r=R¢c) when

AGr-AGg= 2c (c =cy) (3.20)
and that occurs when

Ap =4c/3, Rc=Rcoll-p) (3.21)
and following this a plastic region will surround the cavity to a radius Rp, with

an eclastic region outside. Eventually, Elder arrives at the cquation which gives

the rclationship between the cavity pressure, p, and the cavity radius, RC

.4 E _(1-Rco3/RcI) |
p= po+3 c{l+ ln[3c 1-o/E + cZ/3E2}” (3.22)
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which is valid only after yicld has occurred at the cavity wall. At Rc = oo, a

limiting value of p will be reached, which cffectively will be obscrved (within
1% of Apy) when Rc 2 4R¢g. This value will be

pL = po+§c {1+ in[éE—c /(1-c/E + c2/3E2)]) (3.23)
To obtain maximum information from a particular expansion tcst, Elder
suggests plotting Ap vs. In(l- Rco3/Re3). The slope will then be 4c¢/3 giving
the undrained strength (¢ = cy), and the intercept (as Rc >> Rgo) will be 4c/3{1
+ ln[égc- /(1-c/E + c2/3EZ2)]}. The tangent to the curve at the intercept  will then
give the undrained strength.
In summary of Elder's analysis, if a spherical cavity of radius R(o exists in an
isotropic soil mass with initial stress po everywhere, the cavity will begin 1o
expand when the cavity pressure p exceeds po. Soil behaviour will initially be
elastic everywhere until the yieid criterion (3.20) is saiisfied at the cavity
surface. This will occur when

Rc = Rco/(1-c/E) =15RcoifElc=3
< 1.1 Reo if Efc > 11 (3.24)

and the cavity pressure when the first yield occurs will be

4
P=Po +3T (3.25)

As the cavity is expanded further it will be surrounded by a plastic soil region
tc a radius Rp, in which the radial total stress, G, will be

po+§CSO’rSp (3.26}

. 4 . ..
and an elastic region beyond this where G < py + 3¢ At large cavity radii the

cavity pressure wiil tend to the limiting value given by equation 3.19. For Efc >

10 the total increase in cavity pressure will be approximately

4
Ap=pL-po= 3¢ {1+ ln%} (3.27)

and will be attained within 1% when Rc 2 R¢,.
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Two theoretical curves (Figure 3.4) reprinted after Elder show pressure vs.
volume and pressure vs. radius plots for a typical example where the initial
cavity radius is 1 mm, the undrained strength ¢ is 0.2 kPa and E/fc = 6. It can be
sccn that yield is not defined well on either curve and that the limiting

pressurc is attained with relatively small volume increase.

3.2.3.2 Testing Apparatas

A controlled pumping system was required which could create a fluid filled
cavity volume at a controlled and preset rate, from which volume changes
with time could be caiculated. The cavity pressure had to be measured remotely
with high reliability. Pressures would be very low, therefore a very sensitive
and accurate measuring device was required. The cavity fluid should not mix
with water nor diffuse into the soil pores.

The system which was developed used Elder's concept, however numerous
practical changes were introduced into the design. Elder contained the cavity
fluid in an acrylic cylinder with an inside moving piston which was
connected to a stepping motor, giving a flow rate control of 0 to 10 ml/min. In
this program, a high precision syringe pump was used as the volume control
device. The pump - an ISCO LC-5000 Syringe Pui-p, was capable of delivering
flow at a continuously variable rate of 1.5 to 400 ml/hr (0.025 to 6.7 ml/min).
Thick walled "zero volume change" nylon tubing connected the pump with a
stainless steel 1.6 mm (1/16") tubing mounted on an adjustable holding frame.
One end of the "C" shaped steel tubing played the role of the hypodermic
injection needle used in Elder's design and was inserted directly into the
slurry while the other end was fastened to a pressure transducer. The holding
frame, in turn, was mounted on the shear vane apparatus stand. Correction

factors were required to be established in order to account for pressure losses
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between the cavity and the transducer. The cavity fluid which was cventually
selected was silicon oil of high viscosity and of a density slightly lower than
that of water. In order to check if cavities were in fact spherical, an injection
of sificon oil was made into a small sludge filled beaker, then the sample was
frozen and, subsequently, cut and examined. Good results werc obtained using
this method confirming the assumption that buoyancy effects were not

significant.

3.2.3.3 Testing Procedure

An initial testing procedure was established and although only slightly
different from that of Elder's it required further refining. The injecting part
of the steel tubing was positioned vertically and silicon oil was expclled from
the tip to form a drop preventing air from entering the tubing. The tip was
then lowered slowly to a depth of 25 mm (1") from the sludge surface and left
there to allow excess pressure to dissipate; this was indicated by stcady
transducer readings. The cavity was then cxpanded at an appropriatc constant
ratc of volume increase with continuous recording of time (i.e. cavity volume)
and cavity pressure. As opposed to Elder's mecthod, therc was no provision for
measuring pore pressures at different locations in the specimen. As mentioned
earlier, only few preliminary tests were conducted and no results as such will
be presented. However, Figures 3.5, 3.6 and 3.7 show plots of stress history,
cavity pressure vs. cavity volume and cavity pressure vs. cavity radius,
respectively, for one of the tests. The shapes of the curves arc similar to thesc
presented by Elder thus confirming the validity of cavity expansion testing

for oil sands tailings sludge.
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3.3 Test Selection

This Section describes classification of the tests and explains their sclection.
3.3.1 Index Tests

3.3.1.1 Origin of Samples

A sct of index tests: water content, Atterberg limits, grain size distribution,
specific gravity, and bitumen content was run on representative specimens of
sludge obtained from two different sources: the storage tank and directly from
ihe pond. The purpose was to assess if there were any differences in index
properties between these two types of sludge and, if so, whether the
differences were insignificant cnough as to treat them as the same soil from a

geotechnical point of view.

3.3.2 Viscosity Tests

3.3.2.1 Water/Solids Content of Sludge

Initially six different water/eolids contents were selected to be investigated.
These were: 400% (20%). 300% (25%). 233% (30%), 150% (40%), 100% (50%), and
47% (68%) water conient (solids content), the last one representing the liquid
limit of the slurry. These particular water contents were chosen to represent
layers of sludge of different age as t.ey exist in the pond. 400% water content
(20% solids content) sludge represents thin slurry after completion of
scdimentation process. After reaching this solids content, any increase in
sludge density arrives from the process of self weight consolidation (Scott and
Dusseault, 1982). It takes about two years for the sludge in the pond to
consolidate to a solids content of 30%. The sludge at this point is termed
"mature” - anything less then 30% solids (233% water) is called "immature"

sludge. Therefore, in this research there are two "immature" water content
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sludges (400 and 300%) and four "maturc” ones (233, 150, 100, and 47%). It
should be added, however, that 100% water content (50% solids) sludge could be
treated as the limit which has not yet been rcached in the pond: Dussecault,
Scafe and Scott (1989) state ihat at the base of the studge column in the pond,
where high stresses have acted for ycars, there is a zone of higher solids
content sludge, 40 - 45% by weight, and MacKinnon (1989) found in his annual
pond surveys highest solids concentrations of 44.7% at depths greater than 28
meters. Sludge at its liquid limit could not possibly exist in the pond and the
purpose of testing sludge of such hiszh solids content was to comparc with
other researchers' findings, which usually concentrate on water contents at
or below the liquid limit. It was later determined that viscosity mecasurcments
ia such a relatively dense (liquid limit) material were beyond the capability of

the viscometer and testing of these specimens was limited to the shear vane.

3.3.2.2 Age of Sludge

Time was perhaps the most important variable in this rescarch. Age of the
sample, or time, was measured from the moment when the process  of
remoulding, or physical agitation of the material, was ccased. Originally,
specimens were to be tested from age zero up to 320 days. In effect, the longest
"aging" lasted over 680 days. Because it was believed that the greatest increase
in thixotropy occurred in the initial few days following remoulding, tests were
scheduled at ever increasing time intervals. For each water content, the
nominal test schedule was as follows (time after recmoulding): 0, 5 minutes, 10
minutes, 20 minutes, 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 8 hours, 12
hours, 18 hours, 24 hours, 2 days, 3 days, 4 days, 5 days, 10 days, 20 days, 40 days,
80 days, 160 days, 470 days, and 680 days. There were some deviations, which

were small and not significant, from the schedule and thcy were dictated by
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the need to increase the number of experiments in order to gain a better

understanding of the material's behaviour.

3.3.3 Shear Vane Tests

3.3.3.1 Water/Solids Content of Sludge

The selection of specimens based on water/solids contems -7 the sludge for the
vane shear testing was identical to that for the viscosily measurcments.
Therefore, the specimens of sludge were divided into six groups: 400% (20%),
300% (25%), 233% (30%), 150% (40%), 100% (50%), and 47% (68%) waltcr
(solids) content. The only difference between the viscosity measurcment part
of the program and the shear vane testing part in this respect was that the

testing of the liquid limit specimens (w = 47%) was only carricd out by the

shear vane.

3.3.3.2 Age of Siudge

Because of the duration of a single vane shear test and time required for its
preparation, it was impossible to schedule experiments with short time
intervals as was done with the viscosity measurements. Therefore, the number
of tests in the initial period after remoulding was greatly reduced in relation
to the viscosity tests. For every one cof the six water content, the test schedule
was 2§ follows: 0 (immediately after remoulding), 2 hours, 8 hours, 24 hours, 2
days, 5 days, 10 days, 20 days, 40 days, 80 days, 160 days, and 470 days. Again,
there were some dcviations from this plan; many tests were added, many were

repeated - for higher reliability and better understanding.
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3.3.4 Experiment Designation

The total number of experiments exceeded two hundred. It was necessary then
to describe cach experiment in a short, symbolic manner. There were three
important variables every description had to contain: type of the test
(viscosity versus vane shear), water content, and age of the sample. To
maintain consistency, cach description contained seven symbols: two letters
and five digits. The first letter described the type of the test: "V" for viscosity,
"S" for vane shear. Next, there were two digits and they uniquely described the
initial water content of the sample: "40" for 400%, "30" for 300%, "23" for 233%,
"15" for 150%, "10" for 100%, and "47" for 47% water content. Following, there
were three digits and a letter describing the age of thc sample; last letter
indicating time units: "M" for minutes, "H" for hours, and "D" for days. For
example, "S10680D" indicates the shear vane test for 100% water content sludge
at 680 days after remoulding, and "V40000M": viscosity measurement for 400%
water content sludge at zero minutes after remoulding. For test results, there
was another letter added at the end of a symbol: "P" for the peak value and "R"

for the residual value.
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Figure 3.2 Variation of Viscosity with Strain Rate
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4. LABORATORY TEST RESULTS
This Chapter presents the results of the experiments conducted during this
rescarch program. Inuex tests arc discussed first, along with their
significance and impact on the two major groups of experiments: viscosity
mcasurcments and vanc shear testing. This data is followed by wviscosity test
rcsults presented in a form of shear stress versus shear ratc and "apparent”
viscosity versus shear rate plots, and vane shear test results in a form of shear

stress  versus shear strain plots.

4.1 Index Tests

Cil sands tailings sludge as a geotechnical material was described in detail in
Chapter 2. Here, the results of index tests will be presented and discussed from
the perspective based on the fact that two batches of the sludge were used.
Diffcrences, if any, between the two batches will be exposed and their possible

influence on the test results will be considered.

4.1.1 Water Content

The initial water content of the two sludges (batch 1 and batch 2) showed a
large difference. Batch 1 sludge had a water content of 168% (37% solids
content) whereas the sludge from batch 2 showed a 270% water content (27%
solids content). This difference is explained by the history of storage of the
two sludges. Batch 1 sludge had been stored in a tank for several years prior to
sampling and the sample came from the bottom of the tank without mixing of
the contents. Thus, it had such a low water content. Batch 2 had been collected
directly from the tailings pond relatively shortly (4 months) before it was

received in the laboratory.
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Rcsults obtained from Syncrude Researcr. (MacKinnon, 1991) showed a solids
content of 36% for batch 1 and 28% for batch 2 sludge which translates to a

water content 178% and 257%, respectively.

4.1.2 Atterberg I imits

Six Atterberg limit tests on representative sludge samples were performed on
several occasions. The purpose of these tests was to position the material on the
plasticity chart as well as to dctermine differences betwecn the twe batches of
the sludge and the two methods of dewatcring. The slurry was thus divided into
batch 1 and batch 2 samples and, furthermore, batch 2 sludge was tested in two
categories: evaporated and centrifuged. The term “centrifuged” should not in
this case be taken literally as the specimens were dewatered partially by
centrifuging and partially by evaporating - centrifuging did not bring any
visible effects for water contents lower than about 100%. Table '.1 summarizes
the results of Atterberg limits tests. Scott et al. (1985) report the full available
range of liquid limit daia from sludge to be between 40 and 80%. According to
the authors, variations in the data reflect several factors other than clay
mineralogy including ionic concentration, bitumen content and total percent
clays in the mineral solids. In general, nigher values reflect greater bitumen
content and finer-grained sludge. The results of this research fall within
these boundaries. The range of the liquid limit is between 44 and 57%. One
detail, however, should be pointed out to better understand the complexity of
the sludge's behaviour. The tests were performed by two different methods. In
the first meihod, the sample was thoroughly mixed (remoulded) just prior to
each blow count trial. In the second method, the regular liquid limit test
procedure was foliowed and complete remoulding was not done. This latter

procedure does not take into account the critical role that time plays in the
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soil's strength testing. Method one was used in four Aiterberg limit tests, and
mecthod 2 in two tests. Results obtained by method 2 were in the range 53 to 58%
for the liquid limit and 21 to 23% for the plastic limit, and those obtained by
mecthod 1 varied from 44 to 47% for the liquid limit and 20 to 26% for the plastic
limit. These tests results confirm the thixotropic phenomenon occurring in
the oil sands tailings sludge. The difference in the liquid limit between batch 1
and batch 2 sludge appears to be small . icth cases; 3 and 5 percentage points,
respectively. The difference, therefore, between the two sludge batches should
not have any important bearing on viscosity and strength test results.
Similarly, the difference in the liquid limit between evapoiated and
cenirifuged specimens, 3 percentage points, can be considered small.

As shown in Table 4.1, based on the above, the typical results were: w) = 46%,

wp = 21%, and Ip = 25%.

4.1.3 Grain Size Distribution

Samples representing sludge from batch 1 and batch 2 were analyzed for grain
size distribution using the standard ASTM hydrometer test method with two
different ways of preparing the soil for the test, as described in Chapter 3
(Section 3.1.2). Sevea tests altogether were conducted, three on batch 1 sludge
and four on baich 2 sludge, and the resulting grain size curves are shown in
Figure 4.1. Circle shaped symbols represent batch 1, square symbols indicate
batch 2; furthermore, shaded symbols denote extracted (bitumen-‘ree) sludge.
In the legend, the abbreviation "Ex" stands for an extracted sample, a "C"
means a centrifuged sludge, and the rest - either a second digit or a letter "E"
implies evaporated sludge. Appropriate specific gravities (see Section 4.1.4)
were used for calculations. Since, as described later in Section 4.1.4, the

determined specific gravities of the mineral grains did not appeared to b
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correct, values closer to 2.70 were also used. The diffcrences in grain sizc
distribution - using the different specific gravities werec considered smali. A
distinctive feature of the graph is a rather large difference between curves
obtained from extracted material tests and those from as-reccived sludge tests.
The extracted sludge curves imply a minus 2 micron content of only 6 to 11%.
Typical grain size curves for tailings sludge as presented by Scott and Chichak
(1985) and Scott and Cymerman (1984) also show a much higher minus 2
micron content: 40 to 50%. The sand content in the two test procedurcs is from
10 to 15%; within the boundaries in the above references. A possiblc
explanation of this unusually low clay content is that the high temperature
associated with the extraction process of the sludge caused flocculation or
bonding of the finer particles thus dramatically altering the grain size
distribution of the material. It is thought that, in this case, cementing is
limited to clay ard silt size particles and is not detectable through visual
inspection. Furthermore, mechanical pulverizing by means of a pestle does
not guarantee a return to the original grain size distribution.

The five curves representing hydrometer tests on wet, bitumen-included
sludge correspond well with the above referenced typical grain size
distribution curves for oil sands tailings sludge. This result applies to both
batch 1 and batch 2 sludge. Batch 1 is consistently coarser than batch 2 sludge.
The former has a minus 2 micron content of 40 to 45% and a sand content of 10
to 16%, whereas the latter displays a minus 2 micron content of 57 to 59% and
indicates no presence of sand size particles. The coarser nature of batch 1
sludge was to be expected in view of the origins of the two batches (see Section

3.1.1).
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As discussed in Section 3.1.2, hydrometer testing of sludge without exiracting
bitumen, called here "as-received sludge”, may result in a grain size
distribution curve distorted toward finer sizes.

From the above, it can be scen that there is a need for an improved method of
performing hydrometer tests on oil sands tailings sludge as neither method
prescnicd here probably results in a true grain size distribution.

Syncrude Research employs the Microtrac apparatus for determining particle
size distribution of the sludge. A typical sample preparation includes
extraction of bitumen and hand pulverizing the dry soil with a pestle. Results
of Microtrac analyses of batch 1 and batch 2 sludge were obtained from
Syncrude Research (MacKinnon, 1991) and are shown in Figure 4.2. Both
curves do not extend to the minus 2 micron size range. By extrapolation, the
minus 2 micron content is fairly low: 12 10 15% for batch 1 sludge and 17 to
20% for batch 2 sludge; only slightly higher than that for corresponding
cxtracted samples in the hydrometer analysis and still much lower than that
rcported from other hydrometer testing on the sludge. In spite of pulverizing,
a possible explanation would again be flocculation of the fine particles. The
sand content is 7 and 2%, respectively, lower than batch 1 and higher than
batch 2 for the "as-received" hydrometer tests. The results, however, are
consistent in that batch 1 sludge is coarser than batch 2 sludge. In general, the
Microtrac method is subject to criticism for testing fine silts and clays and the
hydrometer method is preferred owing to its wide usage in geotechnical
engineering.

It is concluded that, for engineering purposes, the hydrometer test on as-
received sludge be used for determining grain size distribution. This test
procedure models the sedimentation process in the tailings pond and therefore

represents field behaviour.
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4.1.4 Specific Gravity

The specific gravity of the sludge solids was calculated using Equation 3.4
which states that this property is a weighted average of the bitumen and
mineral portions of the sludge. The three variables in this ecquation, bitumcn
content, specific gravity of the bitumen and spccific gravity of the mineral
grains had to be determined in order to use the equation. The bitumen content
is described in the next section, the speciiic gravity of the bitumen was taken
as 1.03, and the specific gravity of the mincral grains was determined on
extracted samples of sludge 1 and sludge 2. These were 2.56 and 2.52,
respectively. The results seem too low for a clay soil which should have a
specific gravity of approximately 2.70. An explanation of this is that the
extraction process did not remove all of the bitumen from the sludge which
consequently decreased the specific gravity of the mineral grains. Another
possihility is that air bubbles adhered to the surface of the mineral grains
because of precipitated chemicals.

The resulting specific gravity of the sludge solids was 2.36 for baich 1 sludge
and 2.37 for batch 2 sludge. Centrifuged sludge solids had a specific gravity of
2.40.

4.1.5 Bitumen Content

The bitumen content of four separate sludge samples was dectermined through
an extraction process as described in Section 3.1.2. In order to make the
bitumen content independent of the water content of the sludge, the results
are given as a percent of the mass of the mineral grains. Batch 1 sludge
displayed a slightly higher bitumen content: 6.1% as compared with batch 2
sludge: 4.6%. Centrifuged sludge (batch 2) had the lowest bitumen content:

3.7%.
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Syncrude Rescarch reports 2 bitumen content (defined as the percent of the
total sludge mass) of 2.75% for batch 1 sludge and 1.40% for batch 2 sludge
(MacKinnon, 1991). In terms of percent of the mass of the mineral grains, the
bitumen contents are 7.7 and 5.0%, respectively, similar to those determined in

this rescarch.

4.1.6 pH

pH mcasurements were conducted twice over the course of the experimental
program. The first measurement was conducted directly in the barrel of batch
2 sludge within the first several days after receiving the slurry. The pH was
8.5. The second measurement was conducted after about 700 days on the same

material and with prior mixing. This time, the pH was 8.0.

4.2 Viscosity Test Results

As discussed earlier in Chapter 3, the results of each viscosity test are
presented in the form of two graphs, one showing a plot of the rotational ratc
of viscometer (strain rate) versus viscometer reading (shear stress), the other,
shear rate versus “apparent viscosity". Because of the limitations of the
viscometer such rheological properties as yield strength, viscosity or
apparent viscosity could not be determined. Two values from each test,
arbitrarily chosen index parameters representing  viscometer peak and
residual readings at 1 rpm, were used in the analysis of the resuits. The graphs
themselves had a dual role: firstly, the best-fit curves were compared to the
model rheological curves presented in Chapter 3 (Figure 3.1 and 3.2) for
material classification purposes. Secondly, they could indicate potential

invalidity of the 1 rpm index value. Therefore, the graphs should be looked at
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more from a qualitative rather than a quantitative perspective. Appendices A

and B contain complete sets of graphs resulting from the viscosity tests.

4.2.1 Sludge 400

For specimens labelled "Sludge 400" the initial water content of 400% stayed at
that level for about three days after mixing before consolidation could be
visually noticed and the water content had to be measured accordingly. The
difficulty with such thin sludge was that even with the most sensitive spindle,
viscometer readings were very low, adversely affecting the accuracy and
increasing the degree of scatter of the results. The manufacturer of the
viscometer suggests operating in the upper end of the scale (close to 100) for
best results. With readings as low g5 0.4 on a scale of 100 it is obvious that in
such cases all factors influencing viscosity could play an important role. As all
readings were taken manually, the operator's error was proportionally
greater with lower values. It is a well documented fact that viscosity is very
sensitive to temperature. Although the temperature was always recorded
during tests, maintaining it at the same level was impossible; the difference
was as high as 49 C. In addition, no temperature correction factor could be
found in the literature for viscosity of the sludge and results could not be
normalized to the same temperature. The scatter of readings, both peak and
residual, is clearly illustrated in Figure 4.3. This 10 minute test plot is typical
for "young" samples and is characterized by very low readings and their high
scatter, a small difference between peak and residual values, and power law
best-fit curves in the form of Equation 3.8 for both sets of readings. Both,
strain rate - stress and strain rate - viscosity plots indicate a Herschel-Bulkley
model material. With higher elapsed times readings become more consistent,

better f{itting the curves and the difference between peak and residual values
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becomes morc pronounced. An emerging pattern is that of a power law flow
linc for peak values and a straight line (Eguation 3.6) for residual readings. In
fact, starting at 18 hours, all but threc tests display this trend. A typical
cxample is shown in Figure 4.4, a plot for the 40 day test. This behaviour
indicates that the material in its undisturbed state complies with the Herschel-
Bulkley model fluid, once remoulded, however, it is similar to the Bingham
model fluid. The three earlier mentioned exceptions, thc 33, 64 and 470 day
tests, can be best described by two straight lines, thus indicatisg the Bingham
model for both sets of rezdings. It should be added, however, that the
difference between the power law and the straight line curve best fit is often
so small that the two fits could be considered interchangeable. Of interest is
the remoulded behaviour of the 680 day sample. It appears that with
increasing shear strain rate the shear resistance is decreasing, as seen in
Figurc 4.5. This is clearly inconsistent with all the other results and probably
indicates better remoulding at higher rpm.

Table 4.2 summarizes the result of viscosity test for sludge 400. A complete set

of plots can be seen in Figures A.1 through A.26 and B.1 through B.26.

4.2.2 Sludge 300

Sludge 300 was characterized by the samples' initizl 300% water content (25%
solids content). Consolidation of the sludge was first noticed in containers after
about four days of rest. Studying the appearance of the graphs onc must notice
a few characteristics; most of the curves have similar shapes, scatter of the
points is very small in most cases, and there is a highly pronounced pattern in
rheological behaviour. Out of 24 flow curves for the undisturbed state, 22 are
best fitted by the power law shape, 2 by a straight line. Out of 25 flow curves

for the residual values, 24 are best fitted by a straight line. Figure 4.6 showing
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the 6 day test is a good example of this pattem. The best fit by cither a straight
line or a power law curve improves with longer test times and it is generaliy
better than that for sludge 400 which is probably duc to higher readings, that
is, better accuracy of the instrument. The results strongly suggest that the
sludge behaves like a Herschel-Bulkley material in its undisturbed state and it
is a typical Bingham material when remoulded. Again, as was the case with
sludge 400, the longest (660 days) test exhibited a shcar stress decrcase as the
shear rate increased (Figure 4.7).

Table 4.3 summarizes the results of sludge 300 viscosity tests and Figures A.27

through A.51 and B.27 through B.51 contain plots of the resuits.

4.2.3 Siudge 233

A total of 24 viscosity tests were conducted on specimens with an initial water
content of 233% (30% solids content). First sign of consolidation of the
specimens were noticed after about 15 days of rest. Increasing values of
viscometer readings as compared to sludge 400 and 300 were encountered in
this series of tests. The lowest reading at 1 rpm was just below 2 for remoulded
sludge, the highest was 84 for the 682 day test. The water content decrcased to
158% during 682 days of self-weight consolidation. The peak viscometer
behaviour of the 233 sludge samples once again showed predominantly the
Herschel-Bulkley model behaviour: 19 test plots were best fitted by a power law
curve while 4 (1 hour, 2 hour, 3 hour, and 4 hour tesis) were best described by
a straight line indicating a Bingham fluid. These four tests happen to display
the Bingham model for both, peak and residual flow lines (see Figure 4.8). The
residua! curves were best fitted by a straight line in 21 cases and by a power
law equation in 3 cases (5 minute, 8 hour and 12 hour test). Of those 21 residual

tests best fitted by a straight line not all can be said to display the Bingham
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model behaviour. The 494 day test residual flow line shows the phenomenon
encountered in the longest test for sludge 400 and 300: after reaching the yield
strength, Ty, the shear stress decreases with a shear rate increase (Figure 4.9).
For all practical purposes the residual flow lines for tests at 90 and 687 days
can be considered horizontal thus not fitting into the Bingham model. The
scatter of the results does not appear to be of great concern although the
difference in temperature might have influenced the results as it can be seen
in Figure 4.10 where two sets of readings were taken at temperatures differing
by 3.8 dcgrees Celsius (18.7 and 22.5° C).

The summary of the results of viscosity tests of sludge 233 is shown in Table 4.4
and complete sets of plots are included in Figures A.52 through .75 and B.52

through B.75.

4.2.4 Sludge 150

Twenty-five viscosity tests were conducted on sludge specimens with an initial
water content of 150% (40% solids content). The self-weight consolidation
process caused a reduction of the water content over a period of 680 days from
150% to 129% (44% solids content). No evidence of consolidation was noticed
for at least 92 days. The sample tested at 470 days showed a water content of
141%, therefore consolidation started some time between 92 and 470 days. A
complicating aspect in this series of tests was the fact that three different
spindles were used with the Brookfield viscometer. The largest, most sensitive
spindle T-A could handlc readings up to the fifty-one day test. Starting at the
92 day test, peak readings, especially at high rpms, exceeded the upper limit of
the viscometer scale and a smaller spindle had to be used. The longest, 680 day
test could only be handled by spindle T-C. Whereas the rheological

classification of the material was done on a qualitative rather than
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quantitative basis and the size of the spindle did not affect it. the results used
for further analysis had to be ncrmalized to represent common-spindle
readings. For a linear shear stress - shear strain rate relationship, in other
words for Newtonian fluids, rcadings of all spindles are interrelated through
unique factors. For example, rcadings obtained by using spindle T-B will give
the same readings as spindle T-A at an identical rotational rate if multiplied by
2.0. This, however, does not hold true for non-Newtonian fluids one of which is
the oil sands tailings sludge. In order to normalize all 1 rpm results, the
following method was used. A series of mecasurements was conducted on sludge
150 and 100 samples at 1 rpm using different spindles. It was shown that
independently of the size of the spindle, the ratios of the peak to residual
readings at 1 rpm were constant for a given sample. Table 4.5 gives the results
of the measurements. The relative difference between corresponding ratios is
within accepted experimental error (10%). Ths ratioc of peak to residual
reading in general was called "sensitivity" o{ a given sludge sample and is
included in the last column of the results tablc; (Table 4.2, 4.3, 4.4, 4.6, and 4.7).
Furthermore, in all tests it was possible i} obtain a residual reading at 1 rpm
with spindle T-A. To calculatic a p=ée 1 rpm reading for spindle T-A, the
residual reading of spindle T-A Hsu '« be multiplied by the sensitivity of the
sludge specimen determined by ::ing any other spindle, as shown in the
following equation:

Pr-B
PT.A=RT-A RrB (4.1)

where PT.A - peak 1 rpm spindle T-A nommalized reading,
RT.A - residual 1 rpm spindle T-A reading,
P1.B - peak 1 rpm spindle T-B (or other) reading,

RT-B - residual 1 rpm spindle T-B (or other) reading.
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It should be noted that all figurcs from viscosity testing show the results
obtained with a spindle that was actually used and these readings are not
normaiized for the T-A spindle. In fact, it is indicated in figures what spindle
was uscd, if different from T-A. On the other hand, the results listed in the
tables arc all normalized to T-A readings. A normalized result can be easily
rccognized by a value greater than 100 which is the upper limit of the
viscometer scale.

As far as the rheological classification is concemed, sludge 150 exhibited all
characicristics observed in sludges with higher water contents. > the
undisturbed state (peak strength behaviour), there is a strong evidence that
the matcrial is best represented by Herschel-Bulkley model: twenty-one flow
lines are best fitted by power law curves, three by straight lines. The three
are: thirty minute, ecight hour and forty day tests. In the remoulded state,
whether partially or completely, there is little doubt that sludge 150 is a
Bingham fluid: twenty-four residual flow lines are straight lines and only one
(twelve hour test) could be represented better (judged by the r2 correlation
factor) by a power law curve. The 680 day test, however, showed again a
decrease in shear resistance (Figure 4.11) only confirming the long term
behaviour pattern observed in previously discussed sludges. The 470 day test
residual flow line cannot be strictly classified as Bingham, either. The line is
perfectly horizontal thus not showing any shear stress increase with a
decreasing shear strain rate, as seen in Figure 4.12. Another interesting
obzzrvation is the fact that the shear resistance of the 680 day sludge sample is
less than that of the 470 day one in both, peak and residual terms, despite the
.lower water content and a longer time effect of the former. The peak
resistance at 1 rpm decreased from 112 (normalized) at 470 days (141% water

content) to 111 units at 680 days (129% water content); the difference is small

84



in absolutec terms but is considered important in dctermining the thixotropic
effect. The residual resistance decreased even more: from 40 units at 470 days
to 30 units at 680 days. An in-depth explanation of this apparent inconsistency
in the sludge behaviour is given in Chapter 5.

All flow lines in diagrams appcar to be well fitted to the data points and, with
the exception of nearly-horizontal straight lines, correlation factors arc
generally greater than 0.95.

The summary of viscosity test results for sludge 150 is shown in Table 4.6.
Shear siress-shear strain rate and apparent viscosity-shear strain ratc plots

are included in Figures A.76 through A.100 and B.76 through B.100.

4.2.5 Sludge 100

Twenty-five viscosity tests were completed on sludge samples with an initial
water content of 100% (50% solids content). This was the only designated water
content in viscosity measurement program where there was no self-weight
consolidation observed over the period of 680 days, that is, the water content
remained constant throughout all tests. Four different spindles had to be used
during measurements in order to handle the wide range of shear resistance of
sludge 100: spindle T-A was in use for tests from 0O to 24 hours, spindle T-B
handled tests from 2 to 5 days and the 20 day test, spindle T-C was used for tests
starting on day six to 680 days, with the exception of the above mentioned 20
day test and 470 day test for which spindle T-D was utilized. As was the case
with sludge 150, peak 1 rpm results obtained with spindle T-B, T-C or T-D were
normalized to T-A readings using Equation 4.1. Figure 4.13 illustrates three
flow lines for remoulded sludge 100 constructed from readings of three
spindles: T-A, T-B and T-C. All three flow lines show a very good fit with the

corresponding data points, some similarity among the slopes of the lines can
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be noticed, especially between line T-C and T-B. However, as mentioned in
Section 4.2.4, there are no unique factors interrelating the readings of
different spindles.

Rheological classification of sludge 100 is gencrally consistent with the
previously discusscd sludges. Out of twenty four tests, twenty peak flow lines
arc best described by power law curves (Herschel-Bulkley model) and four by
straight lines (Bingham model). There is no logical pattern in which the
sludge would change its peak behaviour from the Herschel-Bulkley to
Bingham model; the straight lines are representing the 6, 21, 95, and 680 day
test. As the Bingham model is a special case of the Herschel-Bulkley model, the
above can be regarded as coincidental. On the other hand, all of the twenty-
five residual flow lines are straight lines which, by no means, could be deemed
coincidental. This classifies the remoulded (completely and partially) sludge as
a Bingham model material. That is with the exception of the two "oldest"
samples, 473 and 680 days, where the remoulded flow lines exhibit a negative
slope.

Other irregularities include an unexpected drop in the peak resistance for the
21 day sludge and a substantial reduction in both, peak and residual shear
resistance for the 680 day sludge: the peak resistance at 1 rpm decreased from
272 at 473 days to 186 units at 680 days whereas the residual resistance at 1 rpm
decreased from 93 to 47 units in the same time interval - a reduction of almost
50%! A similar tendency was obstrved for siudge 150 (see Section 4.2.4).

The majority of the daia points displayed good correlation with the best fit flow
line curves which is confirmed by the correlation factors approaching 1.0. As
was pointed out before, temperature differences could play a significant role

in influencing the results. For example, it can be seen in Figure 4.14 that for
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two sets of readings taken at temperatures differing by 4.1 degrees C the
results can vary by as much as 30%.

For a complete set of sludge 100 viscosity tests rcsults, scc Table 4.7, for a
complete set of graphs, see Figures A.101 through A.125 and B.101 through
B.125.

4.2.6 Influence of Temperature on Viscosity

Temperature seems to have a strong influence on viscosity of the sludge as was
shown in several examples in the preceding sections of this chapter. It is
believed that this influence is caused by the presence of the bitumen in the
sludge. The main fluid component of sludge, water, in the temperature range
of 15 to 25°C, changes its viscosity from 1.140 Pass to 0.894 Pass, respectively; a
decrease of 22% (Streeter and Wylie, 1981). Peacock (1988) shows viscosity
variation of Athabasca bitumen in the 20 to 200°C temperature range and
below 20°C. From the plots, it was estimated that an increase in tempecrature
from 15 to 25°C causes a decrease in viscosity from approximately 2300 Pass to
just over 400 Paes; a change of 83%. Furthermore, the change of water
viscosity in the considered temperature range is less than 0.02% of the change
in the bitumen's viscosity! It is possible that viscosity of the sludge is a
function of both temperature and bitumen content. The higher the bitumen
content the greater may be the influence of temperature on the viscosity of

the sludge.

4.2,7 Summary of Viscosity Tests Results
From the preceding presentation of the results of viscosity tests on sludge with
varying water content, it can be concluded that the material is a non-

Newtonian fluid characterized by its yield viscosity (or yield shear resistance)
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and distinctive flow lines for undisturbed and remoulded states. There is
cnough cvidence to classify the sludge as a Herschel-Bulkley model material in
its undisturbcd statc and as a Bingham model fluid when remoulded. Although
the Bingham model is a special case of the broader Herschel-Bulkley model,
the sludge undergoes an apparent change in rheological behaviour during
transition from the remoulded to undisturbed state (or vice wversa). It is
believed that this change is closely associated with thixotropy of the slurry or,
if rephrased, such a change in general is a sign of the thixotropic nature of a
fluid. Furthermore, it seems that with a higher water content the soil behaves
.orc like a Herschel-Bulkley material, with a decreasing water content the
behaviour shifts toward the Bingham model, especially in the remoulded state.
Locat and Demers (1988) investigated rheological properties of some sensitive
natural clay soils. The authors observed that the soils could be described by two
models: Bingham and Casson (somewhat similar to Herschel-Bulkley model).
Furthermore, they noticed that the Bingham-type soils exhibited a pronounced
thixotropic behaviour while the Casson-type soils were only slightly
thixotropic. Considering the fact that the authors worked only with remoulded
soils, their findings are consistent with the results of this research.

A break in the otherwise consistent trend of the soil gaining shear resistance
with time was observed for the lower water content sludges after 470 days. This
could be explained by an experimental error or it could indicate a significant
change in the soil's behaviour. A possible explanation is that after reaching a
certain time (age) and at a certain water content the thixotropic gain in
strength ceases or even reverses itself. However, more evidence is required to
support this theory. Chaptzr 5 will address the time dependent behaviour in

more detail.
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Due to the limited capacity of the available equipment such important
theological properties as viscosity, apparent viscosity or yicld viscosity could
not be determined; instead, an arbitrarily selected index property was used for
further analysis. A definite disadvantage to the testing was imposcd by the
lack of resources to control the test room temperature. It was shown carlicr
that changes in the temperature during testing could account for ecrrors as
high as 30%. It is recommended that detailed studies of the ecffect of
temperature on viscosity of the sludge be undertaken and appropriate

correction factors obtained.

4.3 Shear Vane Test Results

The undrained shear strength of the oil sands tailings sludge studicd in this
rescarch was the most extensive to-date experimental program of its kind. To
rcach the objective, the shear vane apparatus described in Section 3.2.2 was
developed and a total of 106 vane strength tests werc performed on sludge
samples ranging in water content and age. Results of each test were presented
in a form of a typical stress-strain diagram where strain was expresscd as the
rotation angle of the vane. The peak and the residual shear strength were
then determined from the plét and recorded for further analysis. The strain
(angle) at which the peak strength was reached was also determined from the
plot. Each test was represented by two plots, one showing the full test for
residual strength, and the other showing the initial part of the test for the
peak strength determination. Soil sensitivity for each test was reported. The
strict definition of soil senmsitivity is the ratio of peak to remoulded shecar
strength, but it is common to substitute residual strength for remoulded
strength when the remoulded strengths are not readily available. This

oractice was followed here.
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Appendix C contains a complete set of figures of the shear vane tests.

4.3.1 Sludge 400

Sixtecn undrained shear tests were performed on sludge samples with the
initial water content of 400% (20% solids content). Because of extremely low
shear sitresses measured in this series of tests, the likelihood of experimental
error was proportionally greater than in the lower water contents samples.
With ». shear stress accuracy of the testing system estimated at 1 Pascal, the
initial short term tests were prone to discrepancies. For instance, tests up to 20
days after remoulding displayed a peak strength of less than 10 Pa (Figure
4.15) whereas all tests denoted S40 (sludge 400) showed residual strengths only
in few cases marginally higher than 10 Pa. In all cases, the peak strength was
clecarly indicated on the plot by the distinctive shape of the stress-strain
curve. It varied from a low of 4.2 Pa for the two-hour test to a high of 144 Pa
for the 680 day test. The residual strength incrcased in a far leés dramatic
fashion; from 2.0 Pa to 10.5 Pa during the same passage of time. A good
indication of the validity of each test was the vane rotation angle at which the
slurry reached its peak strength. This angle was fairly consistent for most of
the tests and varied from 5 to 8 degrees. However, the 50 day sludge (Figure
4.16) exhibited lower than expected peak and residual strengths but it also
showed a higher strain to peak than other samples; 12 degrees, which makes
the results of this test doubtful.

It should be perhaps added that determining the residual, as opposed to the
peak, strength of each test was a task requiring more than finding the lowest
recorded reading. The stress-strain curve had to be closely examined, possible
trends observed and the effect of so called "electronic noises" eliminated. A

good example of "electronic noise" can be seen in Figure 4.15.
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The peak and residual strength of each sludge 400 sample along with their
sensitivity and final water content are presented in a tabular form in Table
4.8. A corresponding set of stress-strain diagrams is included in Appendix C,

Figures C.1 through C.31.

4.3.2 Stadge 300

This part of the testing program consisted of fiftcen vane shcar tests on sludge
samples with an initial water content of 300%. Undraincd shear strength
varied from a low of 3 Pascals for the remoulded sludge to a high of 170 Pa
(peak strength) for the 680 day sample (168% water content). The test results
show consistency and in most cases their validity is supported by similar
strain-to-peak angles which are between 6 to 8 degrees. As was thc case with
sludge 400, the initial test stress-strain curve showed a relatively high degree
of scatter caused by a combination of extremely low shearing resistance,
"electronic noise” and thixotropic effects which, in the initial phase, may
exceed remoulding exerted by the vane blades. Two tests on separate samples
were conducted at 50 days. The resulting curves are shown in Figure 4.17.
Although the residual strengths are similar (5.6 vs. 5.2 Pa), the peak strengths
differ by as much as 25% (27.9 vs. 21.0 Pa). However, the same difference
expressed in absolute terms: 7 Pa, is not very significant taking into account
all above listed factors as well as possible temperature difference (temperature
was not recorded during shearing tests), rotation rate variations and
imperfections in slurry homogeneity.

The test results are shown in Table 4.9 and all S30 stress-strain curves are

inc'uded in Figures C.32 to C.58.
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4.3.3 Sludge 233

Fiftcen vane shear tests were carried out for samples labelled sludge 233.
Generally, the tests showed all the characteristics discussed for the previous
two scts of tests: S40 and S30. The measured shear resistance varied from 4.4 Pa
(shortly after mixing) to 210 Pa (peak at 680 days). An excellent example of a
very strong thixotropic effect during the first minutes following mixing is
illustrated in Figure 4.18. Despite the fact that the time clapsed between the
mixing of the slurry and the start of the vane shear test was in the range of
about 2 minutes, a distinctive peak can be observed in the stress-strain curve
proving that a high gain in strength takes place immediately following
mixing. Initially, the gel structure is destroyed (a drop in strength as seen in
Fig. 4.18) by the rotating vane blades but gradually the curve climbs upwards
as the rate of thixotropy exceeds the constant rate of remoulding. The same
phcnomenon could not be observed in later tests which could indicate that the
most rapid gain in strength occurs within a short time after mixing.

The strain-to-peak angles vary from 5 to 10 degrees and shapes of the curves
do not imply major irregularities.

The graphs representing S$23 tests are shown in Figures C.57 through C.85 and

the test results are summarized in Table 4.10.

4.3.4 Sludge 150

The S15 series of experiments consisted of 18 vane shear tests on sludge 150
specimens varying in age from zero to 684 days after remoulding. In general,
the results followed the established trends from the previous series of tests of
an increasing shearing resistance with the passage of time with some
exceptions such as the 5-day test in which both, the peak and residual values

of strength were lower than indicated by the trend, aibeit not significantly.
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Tests performed on two separate samples at 20 days (Figure 4.19) showed one
peak strength 23% (or 28 Pa) lower than the other and the residual strength of
the respective sample 26% (or 10.7) lower than the other. Both sects of valucs
were however used for further analysis for the rcasons explained in Section
4.3.2. The 50 day test, although originally completed, could not be included in a
graphical form among others as the whole data file was destroyed by a
computer virus. The peak shear strength of the sample was salvaged duec to the
fact that in each test the highest voltage was recorded manually in addition to
the electronic data acquisition system as a double check.

Very interestingly, a phenomenon which was first observed during viscosity
measurements of sludge 150 and 100 repeated itself in shear testing. The
phenomenon lends itself to a large decrease in peak and residual shcaring
resistance over the time period between 470 and 680 days. In this particular
case, the peak strength decreased from 314 Pa at 470 days to 260 Pa at 680 days
and the residual strength decreased from 67 to 20 Pa, respectively. Since there
was enough room left to run another vane test in the 680 day sample, the test
was repeated four days later (at 684 days). The resulting peak strength was
almost identical to the previous one: 256 Pa. The residual strength after two
full revolutions was higher this time: 38 Pa, but still much lower than that at
470 days. It should be added that the residual strength at 680 days is at the level
of that at zero time which, combined with the lower water content at 680 days
(129%), sounds questionable. The shape of the stress-strain curve appears to be
correct with no fluctuations (Figure 4.20) and the strain-to-peak angle (11
degrees) is within the accepted range. No reasonable explanation can be
offered for this anomaly.

Table 4.11 summarizes the results of the shear tests for sludge 150 and

Appendix C contains all respective siress-strain curves in Figures C.86 to C.116.
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4.3.5 Sludge 100

A total of 17 vanc shear tests were carried out on specimens of sludge 100 (50%
solids content): threc of these tests were run on freshly remoulded material. As
it was mentioned in Section 4.2.5, sludge 100 did not show any self-weight
consolidation or water content change over the course of testing. The sludge,
although still a slurry, had a thick consistency and in order to obtain a
homogeneous sample, considerably more mixing effort was required when
compared to sludges with higher water contents. Notwithstanding this effort,
occasional small concentrations of denser material were detected during
cxamination of samples, which might help explain some of the scatter of the
results.

Figure 4.21 shows six stress-strain curves for freshly remoulded sludge 100.
Three of the tests were performed with the most sensitive, 80 mm vane, in two
others the 30 mm vane was used, and the 20 mm vane was used in one test. The
reason of using different vanes was (o check if their resulting shear stresses
were compatible. As seen in the figure, the three vanes, with the exception of
one 80 mm vane test, give similar results, especially in the initial stages of the
test. It is clear that the 80 mm vane gives the most consistent appearing curves
due to its high sensitivity. Two 80 mm vane tests give almost identical results
(remoulded strength of 89 and 86 Pa), with the third one showing shear
strength well below the other two (62 Pa). As it turned out, the time elapsed
between mixing of the sludge and actual testing was much shorter for the
latter test than for most other tests (approximately 2 minutes versus the
average of 6 minutes). The value of 62 Pa, therefore, was taken as the true
remoulded shear strength in the light of the results of longer tests and the fact

that the total angles of vane rotation for the two higher value tests were only

94



120 and 1509, respectively, which might have been insufficient for proper
remoulding even at zero time.

The results of later tests suggest that sludge 100 behaves somcwhat less
consistently than the previously discussed mixes. The scatter of the residual
strength results is significantly higher which might be caused by a different
degree of soil remoulding during the tests and/or non-homogencity as
discussed earlier in this Section. The test at 680 days gave reduced strengths
both, peak and residual in comparison with the 470 day test and it was repcated
21 days later at 70t days. The resulis were unchanged, as can be seen in Figure
4.22. These tgsts confirmed the trend observed before, as with the viscosity
tests for sludge 100, and the viscosity and shear tests for sludge 150. This time,
however, the residual strength was even lower than the zero remoulded
strength (up to 40% reduction). The reduction in peak shearing resistance was
even higher (Figure 4.23) than in sludge 150: 33% vs. 19%, despite the fact that
in sludge 100 no consolidation took place in the corresponding time interval.
The strain to peak angle varied between 5 and 10 degrees and the pcaks were
well defined in all curves. The data of the 15 day test was partially destroyed by
a computer virus.

The summary of the results of S10 testing is presented in Table 4.12 and the
corresponding set of graphs is included in Appendix C, Figures C.117 through

C.144,

4.3.6 Effect of Vane Diameter and Number of Vane Blades on Shear
Stress

All vane shear strength tests for sludges with water contents of 100% and

higher were conducted using the 80 mm diameter vane. Two smaller, less

sensitive vanes were fabricated to handle the higher strengths of sludge 47.
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Their diamcters were 20 and 30 mm, respectively. As it turned ¢+, the 30 mm
vanc had its shaft made to sinzll and, in effect, was later?l v unstable.
Therefore, it could not be relie¢ vpsn and was not used on regriar basis. The 20
mm vanc was used for all tests with :he sludge 47.

As discussed in Chapter 3 (Section 1.2.2.1), it has been found that the diameter
of the vane has no effect of the shear strength of a soil if the rate of rotation is
adjusted accordingly. The rotation rates for the wvanes used in this research
program were determined on the basis of a constant angular shear velocity of
0.15 mm/s and Equation (3.15) (Section 3.2.2.1).

The reasoning behind using a six-blade vane instead of the standard four-
blade onc was the assumption that with the large diameter of the vane and
extremecly low strength/stiffness of the slurry, six blades would mobilize much
greater volume of the material than four blades. This method would closer
approach the ideal circular failure surface and minimize the problem of
progressive failure. Whereas the number of blades should not affect residual
values of shear strength, it is believed that values of peak strength obtained
with a large six-blade vane would be closer to the the true peak strength of the

soil than those obtained with a four-blade vane of the same diameter.

4.3.7 Sludge 47

Vane shear testing of sludge 47, i.e. sludge at the liquid limit, was different
from testing of the other sludges for two reasons. Firstly, as explained in
Section 3.2.1 no viscosity measurements were conducted on this sludge,
therefore any potential patterns in sludge's behaviour in shear could not be
supported by similar findings in rheological tests. Secondly, due to the
significantly higher shearing resistance -f the material, now measured in

kPa, the 20 mm vane was used in these experiments. The handling of the
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sludge proved more difficult in several aspects. Mixing was very time and
energy consuming, non-uniform water distribution throughout the sample
was more likely to occur than in the other sludges and therc was a possibility
of air pockets trapped in the soil during mixing with the blade. A 1otal of 26
vane shear tests were conducted on liquid limit sludge samples. Figure 4.24
illustrates four vane tests performed on freshly mixed matcrial. A distinctive
feature of the graph is sharply defined peaks for all four curves suggesting a
high rate of. thixotropic gain in strength immediately after mixing. The
appearance of Test 2 curve indicates the presence of an air picket around the
vane and that was subsequently confirmed by inspection. The other three tcsts
yielded values of the undrained remoulded shear strength close to 1.5 kPa. As
discussed in Chapter 2 (Section 2.3.2), Elder (1985) reported that the range of
shear strength at the liquid limit for many soils vary bctween 0.5 and 4 kPa.
Karlsson (1961) found that by using the fall cone method for different soils,
the wide range of strength at the liquid limit was reduced to between 1.5 to 2.1
kPa. Leroucil et al. (1983) based on fall cone tests, use a strength of 1.6 for
deriving their liquidity index-remoulded shear strength relationship
(Equation 2.5). It can be seen that the cited values from the above references
correspond very well to the sludge's shear strength at the liquid limit.

Despite higher fluctuations in results than in the other sludges, trends in the
soil's behaviour are well defined and show a steady increase in peak strength
with time and a relatively constant residual strength over time. Strain-to-peak
angles are significantly higher in sludge 47 compared to the other sludges:
they are in the range between 15 and 20 degrees as scen in Figure 4.1 Th:
results of four tests (181 days: test 1 & 2, and 510 days: test 1 & 2) were adversely
affected by a computer virus: parts of the data wcre destroyed. There was no

definite decrease in peak strength noticed after 470 (460 in o, <=3} days. In
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fact, the trend is not clear after 194 days. A more detailed discussion of the time
dcpendent strength behaviour will be featured in Chapter 5.

Table 4.13 contains the resulis of the shear vane testing for sludge 47 and
Figures C.145 through C.175 in Appendix C show the corresponding stress-

strain curves.

4.3.8 Summary of Shear Vane Testing

The modified vane shear testing apparatus proved to be a reliable method of
dciermining the shearing resistance of slurries and low strength soils.
Whether the apparaius measures the actual undrained peak shesar strength
poses another question. In order to determine the true peak strength, a
simultaneous  mobilization of strength in soil around the circumference of a
cylinder sheared by the vane is required. A visual check of this requirement
would involve inserting the vane in soil in such a position that the tops of the
vane blades arc visible at the soil surface, rotating the vane and observing the
recsulting failure surface. If a full circle is established within a corresponding
strain-to-peak angle, the peak undrained strength of soil is believed to be
mobilized. If the circle progresses slower, at a rate marginally higher than or
equal to the advancement of the blades, progressive failure is taking place.

A series of trial tests was perfurmed on different water content samples to
assess whether progressive failure did indeed occur. No evidence was seen to
indicate that progressive failure occurred during testing. Also, in practically
all stress-strain curves from the shear vane tests there is a well defined peak
followed by a dramatic drop in strength. The shape of the curves then
indicates that there is no continuous progressive failure and a peak strength
is in fact mobilized. The validity of the results for the remoulded sludge is

confimied by the agreement between values of the residual strength obtained
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for the liquid limit sludge and other rescarchers’ findings as discussed in the
previous Section. Additional agreement with other research for the remoulded
vane shear strengths is shown in Chapter 5.

Therefore, it is concluded that the modified vane shear testing apparatus
appears to give realistic values for both peak and residual undrained shecar

strength over the full range of sludge water contents.
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S | Liquid Limit Plastic _ Limit Plasticity _ Ind

Baich 1.12 53% 21% 32%
Batch 1.2! 47% 21% 26%
Baich 1.3} 44% 20% 24%
Batch 2.12 58% 23% 35%
Batch 2.21 44% 21% 23%
Batch 2.3c! 47% 26% 21%
Method 1 Mode 46% 21% 25%

1 . Denotes test performed by method 1
2 . Denotes test performed by mecthod 2
¢ - Denotes centrifuging

Table 4.1 Atterberg Limits for Sludge
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Yiscometer Reading Actual

(at 1 rpm) Water
El { Ti Peak Residual S itivity C : |
0 0.50 0.50 1.00 400
S min. 1.25 1.05 1.19 400
10 min. 1.45 1.20 1.21 400
20 min. 1.60 1.45 1.10 400
30 min. 1.95 1.75 1.11 400
60 min. 2.00 1.75 1.14 400
2 hrs 1.90 1.60 1.19 400
3 hrs 2.20 1.80 1.22 400
4 hrs 2.55 1.90 1.34 400
8 hrs 2.60 2.00 1.30 400
12 hrs 2.70 2.15 1.26 400
18 hrs 2.65 2.20 1.20 400
24 hrs* 3.13 2.40 1.30 400
2 days 3.00 2.30 1.30 400
3 days 2.95 2.25 1.51 400
4 days 3.35 2.30 1.46 398
5 days 3.15 2.45 1.29 397.5
10 days* 4.23 2.73 1.55 396
20 days 4.65 2.82 1.65 393
33 days 5.80 2.70 2.15 380
40 days 6.05 3.05 1.98 378
64 days 6.25 2.45 2.55 358
70 days 7.45 3.05 2.44 362
160 days 8.00 3.50 2.29 306
470 days 39.10 10.45 3.74 235
680 days 72.30 16.05 4.50 178
* - Denotes the average of more than one test

Table 4.2 Viscosity Test Results for Jludge 400
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Vi Readi \ctual

(at 1 rpm) Water
0 1.45 1.45 1.00 300
5 min. 2.10 2.00 1.05 300
10 min. 2.55 2.45 1.04 300
20 min. 2.90 2.55 1.14 300
30 min. 3.15 2.85 1.11 300
60 min. 3.05 2.85 1.07 300
2 hrs* 3.33 3.10 1.07 300
3 hrs 3.55 3.50 1.01 300
4 hrs 4.20 3.55 1.18 300
8 hrs 4.40 3.60 1.22 300
12 hrs 4.95 3.40 1.46 300
18 hrs 5.00 3.75 1.33 300
24 hrs* 5.28 3.95 1.34 300
2 days 5.55 3.85 1.44 300
3 days* 6.18 4.35 1.42 300
4 days* 6.63 4.33 1.53 300
5 days* 6.87 4.53 1.52 298
10 days 7.55 4.55 1.66 296
20 days 8.95 5.05 1.77 293
40 days 10.00 5.35 1.87 288
50 days* 11.00 4.90 2.24 286.5
160 days 13.45 5.45 2.47 260
470 days 33.20 10.60 3.13 217
660 days 74.30 16.95 4.38 168

* Indicates the average of more than cne test

Table 4.3 Viscosit, Test Results for Sludge 300
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Yiscometer Reading Actual

(at 1 rpm) Water
0 1.80 1.80 1.00 233
5 min. 5.15 4.95 1.04 233
10 min. 5.40 5.00 1.08 233
20 min. 5.80 5.05 1.15 233
30 min. 6.40 5.40 1.19 233
60 min. 6.60 5.45 1.21 233
2 hrs 6.70 5.60 1.20 233
3 hrs 7.10 5.95 1.19 233
4 hrs* 7.50 6.45 1.16 233
8 hrs 7.80 6.35 1.23 233
12 hrs 8.55 6.30 .36 233
18 hrs 9.25 6.40 1.45 233
24 hrs 9.15 6.50 1.41 233
2 days* 10.90 7.00 1.56 233
3 days 11.45 6.85 1.67 233
4 days 12.50 7.55 1.66 233
5 days* 12.68 6.85 1.85 233
10 days 15.45 7.90 1.96 233
20 days 19.25 3.60 2.24 230
40 days 22.40 9.10 2.46 228
75 days 24.10 9.00 2.68 226
90 days 25.00 9.25 2.70 219
494 days 49.25 14.90 3.31 189
682 days 83.15 15.60 5.33 158

* Indicates the average of more than one test

Table 4.4 Viscosity Test Results for Sludge 2
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Vi | Readi
(at 1 rpm)

vV15002D

T-A 40.40 26.85 1.505

T-B 20.90 13.95 1.498
V15010D

T-A 51.50 27.35 1.883

T-B 26.95 15.55 1.733
V15030D

T-A 64.65 27.40 2.359

T-B 35.40 15.75 2.248
V10002H

T-A 55.50 41.80 1.328

T-B 29.25 22.35 1.309

T-C 15.50 11.90 1.303
V10001D

T-A 82.00 47.00 1.745

T-B 42.90 28.70 1.495

T-C 22.35 14,40 1.552
V10002D

T-A 91.55 49.95 1.833

T-B 52.05 28.80 1.807

T-C 27.70 15.50 1.787

T 4 mpari nsitivities for Differen indl
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Vi Readi

(at 1 rpm) Water
El (T Peak Residual Sensitivity C

0 15.45 15.45 1.00 150
5 min. 17.25 15.95 1.08 150
10 min. 17.55 16.25 1.08 150
20 min. 18.15 16.5 1.10 150
30 min. 20.60 17.45 1.18 150
60 min.* 22.23 18.93 1.17 150
2 hrs 25.80 19.95 1.29 150
3 hrs 27.95 21.70 1.29 150
4 hrs 28.90 24.85 1.16 150
8 hrs 28.65 19.90 1.44 150
12 hrs 33.05 25.20 1.31 150
18 hrs* 36.39 25.13 1.44 150
24 hrs 37.30 26.25 1.42 150
2 days 40.40 26.80 1.51 150
3 days 41.60 27.65 1.50 150
4 days* 42.85 25.55 1.68 150
5 days* 42.58 22.45 1 85 150
10 days 51.50 27.35 1.90 150
20 days 63.40 27.90 2.27 150
40 days 61.40 22.30 2.17 150
51 days 67.20 26.00 2.58 150
92 days 75.45 27.40 2.75 150
470 days 112.40  39.70 2.83 141
680 days 111.10 29.80 3.73 129

* Indicates the average of more than one test

Table 4.6 Viscosi Results for Sli 1
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Yiscometer Reading Actual

(at 1 rpm) Water
0 37.30 37.30 1.00 100
5 min. 40.50 36.00 1.13 100
10 min. 45.20 37.00 1.22 100
20 min. 47.90 38.45 1.25 100
30 min. 49.05 39.65 1.24 100
60 min. 53.20 41.40 1.29 100
2 hrs 55.55 41.80 1.33 100
3 hrs 57.35 41.60 1.38 100
4 hrs 60.00 43.00 1.40 100
8 hrs 62.30 43.05 1.45 100
12 hrs 69.90 44.15 1.58 100
18 hrs 73.60 45.10 1.63 100
24 hrs 82.00 47.00 1.74 100
2 days 91.55 49.95 1.83 100
3 days 87.55 47.90 1.83 100
4 days 93.90 48.50 1.94 100
5 days* 108.35 60.50 1.79 100
6 days 124.90 69.80 1.79 100
10 days* 131.50 56.05 2.35 100
20 days 112.00 56.30 1.99 100
21 days 172.00 63.15 2.72 100
40 days* 155.50 59.10 2.63 100
95 days 205.00 68.70 2.98 100
473 days 272.70 93.25 2.92 100
680 days 185.90 47.00 3.96 100

* Indicates the average of more than one test

Table 47 Viscosity Test Results for Sludge 100
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Actual

(Pa) Water
0 2.0 2.0 1.00 400
2 hrs 4.18 2.0 2.09 400
8 hrs 4.64 2.4 1.93 400
24 hrs 5.98 2.5 2.39 400
2 days 6.48 2.6 2.49 400
S days 6.93 2.0 3.46 398
10 days 8.20 2.8 2.93 3906
20 days 9.50 2.2 4,32 393
33 days 12.66 2.6 4.87 380
40 days 15.30 4.2 3.64 378
50 days 7.48 2.0 3.74 370
60 days 12.29 2.5 4.92 362
70 days 15.14 3.6 4.21 362
160 days 24.47 4.5 5.44 306
470 days 96.46 10.5 9.19 235
680 days 144.32 10.0 14.43 178

Table 4 hear Vane Test Results for Si 4
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Undrained Shear Strepngth @ Actual

(Pa) Water
0 3.2 3.2 1.00 300
2 hrs 6.37 3.0 2.13 300
8 hrs 7.60 3.4 2.23 300
24 hrs 10.12 4.0 2.53 300
2 days 9.82 3.8 2.58 300
6 days 13.69 4.2 3.26 298
10 days 13.79 4.6 3.00 296
20 days 17.95 5.2 3.45 293
30 days 23.19 5.5 4.22 291
41 days 24.16 6.0 4.03 288
50 days 27.90 5.6 4.98 286
50 days 20.94 5.2 4.03 287
160 days 40.51 8.1 5.00 260
470 days 76.99 10.5 7.33 217
680 days 169.58 13.4 12.66 168

Table 4 Shear Vane Test Results for Sl
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2 hrs
8 hrs
24 hrs
2 days
5 days
10 days
20 days
30 days
41 days
S0 days
72 days
90 days
490 days
680 days

Tabl

(Pa) Water
Elapsed Time Eeak Residual Sensitivity Content
4.4 4.4 1.00 233
10.09 6.0 1.68 233
14.97 6.3 2.38 233
16.99 7.5 2.27 233
19.12 7.0 2.73 233
23.05 8.4 2.74 233
29.25 9.3 3.15 233
30.50 8.2 3.72 230
34.23 9.2 3.72 230
35.99 9.3 3.87 228
37.44 8.6 4.35 227
48.37 11.5 4.21 226
50.93 10.1 5.04 219
126.48 18.6 6.80 189
210.54 17.3 12.17 158
Vane T for Si

4.1
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(Pa) Water

El | Ti Peak Residual _S itivi Content
0 19.2 19.2 1.00 150
2 hrs 43.36 26.4 1.64 150
8 hrs 57.70 32.8 1.76 150
20 hrs 64.05 32.0 2.00 150
24 hrs 60.28 27.6 2.18 150
2 days 60.09 27.5 2.19 150
3 days 67.18 27.0 2.49 150
5 days 56.02 23.6 2.37 150
10 days 95.23 31.9 2.99 150
20 days 95.52 29.1 3.28 150
20 days 123.29 39.8 3.10 150
40 days 119.03 32.0 3.72 150
45 days 128.38 34.5 3.72 150
50 days 124.11 - - 150
90 days 166.24 37.0 4.49 150
470 deys 314.27 67.0 4.65 141
680 days 259.95 19.6 13.26 129
684 days 255.97 38.3 6.68 129

Table 4.11 h Vane T Results for Sludge 1
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Actual

(Pa) Water
El L Ti Peak Residual Sensitivi C

0 89.0 89.0 1.00 100
0 86.0 86.0 1.00 10G
0 62.0 62.0 1.00 100
2 hrs 131.26 107.4 1.22 100
8 hrs 146.73 82.5 1.78 100
24 hrs 156.86 74.0 2.12 100
2 days 163.12 75.5 2.16 100
5 days 208.59 90.6 2.30 100
6 days 225.98 122.2 1.85 100
10 days 287.52 91.2 3.15 100
15 days 271.36 - - 100
20 days 391.76 48.5 8.08 100
40 days 314.09 80.0 3.93 100
90 days 436.67 112.0 3.90 100
470 days 566.71 108.0 5.25 100
680 days 381.47 54.0 7.06 100
701 days 390.98 53.0 7.38 100

Table 4.12 Shear Vane Test Results for Sludge 100
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2 hrs
8 hrs

24
24
24

hrs
hrs
hrs

2 days
S days
7 days

10
10
10
10
21
60
87
160
181
181
194
410
410
460
510
510
523

days
days
days
days
days
days
days
days
days
days
days
days
days
days
days
days
days

]

Undrained Shear Strength Actual
(kPa) Water
1.50 1.50 1.00 47
2.59 1.46 1.78 47
2.94 1.51 1.95 47
3.69 1.25 2.95 47
3.55 - - 47
3.40 - - 47
3.53 1.26 2.£0 47
3.58 1.60 2.24 47
3.60 1.30 2.77 47
3.78 1.28 2.96 47
3.80 1.34 2.84 47
3.99 - - 47
4.04 - - 47
3.31 1.70 1.94 47
4.83 1.56 3.10 47
5.58 1.65 3.38 47
6.29 2.0 3.15 47
6.20 - - 47
5.73 - - 47
6.95 1.90 3.66 47
6.30 0.63 10.00 47
6.08 1.65 3.68 47
6.77 1.87 3.62 47
5.70 - - 47
6.93 - - 47
6.21 1.36 4.56 47
hear Vane Test R for Sl

4.1
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S ANALYSIS OF TIME DEPENDENT STRENGTH SEHAVIOUR

5.1 Method of Analysis

As discussed in Chapter 2, in order to decterminc the extent of thixotropic
cffects in a saturated soil it is required that the water content of the soil
specimen remains constant. In this experimental program however, the
original water content could not be su'stained, in the high water content
specimens, for an extended period of time because of self-weight consolidation.
To assess thc increase in strength caused by thixotropy alone, the effect of
consoliZation was taken into account by the following procedure.

The analysis of the results was composed of several steps. In step one, the peak
and residual values of shearing resistance obtained from both, viscosity and
vane shear tests were plotted against time for each initial water content
sludge. Because of the large time span of tests the logarithmic scale was used
for the time axis whereas the resistance (viscosity or shear strength) axis
remained in the arithmetic scale. For uniformity, the time was expressed in
kours. Furthermore, the time axis was subdivided into shorter periods
resulting in more graphs. And so, a typical set of graphs for a particular
sludge includes the entire testing span; 16320 hours (680 days), a period
ending at 3840 hours (160 days) and an initial period of 240 hours (10 days). An
arithmetic time scale was used for the latter plot. The viscosity and vane shear
strength results are presented separately.

The next step involved a process of fitting a smooth curve through the peak
data points. This requived a judgement of the results and deciding which of
them were to be weighted less than the others. Working simultaneously with
the three graphs a best fit curve for each initial water content sludge was

constructed.
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Having constructed best fit curves. their coordinates (shearing resistance and
time) were plotted on a graph along with the corresponding actual water
contents. Using interpolation techniques, contour lines for constant water
contents were then drawn. For consistency, the constant water contents were
chosen the same as the initial water contents, that is 400, 300, 233, 150, 100, and
47%.

It should be noted that every contour linec follows a path which is defined as
the strength gain path. In the strength gain path, in turn, two separate paths
can be distingnished: the time-only strength gain path and the time-
consolidation strength gain path. In the time-only path there is no influence
of consolidation; the water content of the original slurry remains constant and
this part of the contour line is identical to the corresponding best fit curve for
the initial water content. The time-consolidation path indicates an increasing
influence of the consolidation process and the contour line is corrected for the
chzuging water content. Some contour lines consist exclusively of the time-
only strength gain path, whereas others consist of both time-only and time-
consolidation strength gain paths. This feature is discussed for each constant
water content later in this chapter.

To compare a relative increase in shearing resistance, in both viscosity and
undrained shear strength terms, for each water content, the data were also
presented in another form: thixotropic ratio versus time, where thixotropic
ratio is defined as ihe ratio of the peak shearing resistance at time t to the
shearing resistance at time 0. In this manner, different water contents could
be directly compared to each other to assess which water content showed the
most influence of thixotropy. Furthermore, thixotropic ratios for viscosity
could be compared to those for shear strength to determine what degree of

compatibility exists between these two methods of testing.
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In the case of re-idual values, the vane shear and viscosity results were
analyzed by plotting the ratio of the residual to remoulded (initial) values
versus time. For the time dependency of residual shearing resistance (vane
shecar and viscosity) any resulting relationship can be deemed as purely
thixotropic. In addition, the liquidity index-residual shearing resistance
rciationship was investigated in order to compare it with information

available in the literature for other soils.

5.2 Viscosity Measurements
5.2.1 Viscosity Readings at a Constant Water Content

- Sludge 400
Figures 5.1 through 5.3 show plots of viscometer readings at 1 rpm versus time
for specimens with the initial water content of 400%. All three figures show
the same results but use different scales and ranges for the time axis. In Figure
5.1, the age of sludge is plotted using a logarithmic scale; with this scale, every
test result can be identified which is important for the tests performed in the
first several hours. The time axis spans from the initial test at 0.01 hours (36
scconds) to the final test at 16,320 hours (680 days). Because the logarithmic
scale results in a distorted view of the change in viscosity, Figures 5.2 and 5.3
show an arithmetic scale to supplement Figure 5.1. Figure 5.3 includes the
whole span of the tests while Figure 5.2 illustrates the first 10 days of testing.
In addition, the best fit curve for the measurements is shown in each of the
three graphs for both the peak and residual values.
The same format cof graph presentation applies to each sludge and the above
description will not be rcpeated. Furthermore, these three graphs serve an
illustrative purpose and represent transition plots between the test results and

their analysis. Therefore, the discussion will focus on the contour lines
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representing sludges of constant water content rather than on best fit curves
for the measurements on which the water content may decrcase with time.
Figures 54 and 5.5 show the viscometer recadings for the 400% water content
sludge. It should be emphasized that in thc case of contour lines the number
400% (or 300, 233, 150, 100 and 47%, respectively) represents a constant water
content; not the results on the sludge with an initial watei content of 400%. In
addition to the water content number, there is another description of the
sludge uscd in analyzing the test results. This is the liquidity index, I, a
paramecter correlating the water content of the material with its Atterberg
limits:

W - WP

=S wp

(5.1)

where w is the water content of the soil, wr is its liquid limit and wp is its
plastic limit. The liquidity index is widely used in geotechnical engineering to
compare soils of different water contents, mineralogy, and water chemistry.
The two graphs show the same viscometer readings using different scales for
the time axis; Figure 5.4 uses the logarithmic scale while Figure 5.5 uscs the
arithmetic scale. It can be seen on the plots that the test results for the 400%
water content sludge are limited to 500 hours (approximately 21 days). This
relatively short period of time was determined by self-weight consolidation. By
this elapsed time the water content of the sludge (392% at 21 days and 387% at
25 days) had decreased too much by consolidation from the initial value.
Carrying extrapolation to long times would increase the error associated with
this analytical technique. Besides, sludge at such a high water content does not
last much longer (if any) in the tailings pond environment.

For the reasons stated above, the 400% water content (IL=15.2) viscosity

readings are time-only values. The trends in the behaviour of the sludge can
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clecarly be recogrized in Figures 5.4 and 5.5. The measurements start at the
"zero" (36 scconds) time with a low viscometer reading of 0.5 and stop at 500
hours (21 days) with a high of approximately 4.4. The highest rate of viscosity
gain occurs immediately after mixing with a gradual decrease in the rate of
increase observed throughout the duration of the test. Approximately 50% of
the measured increase in viscosity takes place w.thin the first 10 hours. At 21
days, the curve, although considerably flatter, is still showing an increase in
viscosity which means that thixotropy is acting well beyond the 500 hour
mark for such a high water content sludge.

- Sludge 300
Figures 5.6, 5.7 and 5.8 show the results of viscosity measurements versus the
time after mixing for the sludge with an initial water content of 300%. The
results vary from a low of 1.5 at zero time and water content of 300% to a high
of 74 at 660 days and 168% water content. Best fit smooth curves were
constructed through the data points for peak and residual values.
Figures 5.9 and 5.10 present the viscosity readings versus time for a sludge
with a constant water content of 300% or liquidity index of 11.2. The strength
gain has two separate components: the time-only strength gain path accounts
for the first part of the curve, from zero to approximately 800 hours (33 days)
and the time-consolidation path, from 800 to 5000 hours (33 to 208 days). The
time-only path is the same as the best fit curve for sludge 300. The time-
consolidation path ends at S000 hours (203 days). There was not sufficient data
available to carry the interpolation past 208 days.
Tue viscosity readings display a high rate of increase in viscosity in the first
several hours after mixing with a gradual decrease in the rate seen
throughout the whole length of the test. The slope of thc curve is very steep

for measurements up to 240 hours (10 days) indicating a high rate of viscosity
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gain. Then, the viscosity readings are lincar on the arichmeiic scale plot
(Figure 5.10) from 240 to 1000 hours (10 to 42 days) which indicates an almost
constant rate of viscosity increase. The gain in viscosity slows considerably
after 1000 hours (42 days) reaching a plateau somewhere between 2000 and
3000 hours (83 and 125 days). The values reach a maximum of slightly morc
than 11 uniis at that time and then decreasc after 3000 hours (125 days) until
the end of the test at 208 days dropping to a value of under 9 units. There is no
documented case in the literature for a soil in which the thixotropic values
decreased after reaching a certain point in time. This trend is discussed later.

- Sludge 233
The viscosity test results for the sludge with an initial water content of 233%
are shown in Figures 5.11, 5.12 and 5.13. The reported range of readings spans
from a low of 1.8 initially to a high of 83 units at 16,320 hours (680 days) and
158% water content. For the two sets of results, peak and residual, two
respective best fit curves were constructed through the data points and are
shown in the three figures.
The viscosity readings for the 233% constant water content (8.5 liquidity
index) sludge, shown in Figures 5.14 and 5.15, follow a strength gain path that
consists of the time-only strength gain path from 0 to 1000 hours (0 to 42 days)
and the time-consolidation strength path from 1000 to 11,300 hours (42 to 470
days). The viscosity readings stop at 470 days as there was not enough data for
the interpolation to continue beyond this time.
As was noticed with the previous two water contents, these viscosity readings
show the highest rate of viscosity increase in the initial period of time. This
slowly decreasing high rate continues until approximately 1000 hours (42
days) after mixing after which the increase is still observed but at a

considerably reduced rate. At 4000 hours (167 days) the viscosity readings
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bccome constant at about 24 units and stays at that level until 7000 hours (292
days). Up to this point the trend is similar to that of the 300% water content.
Howcver, there is a dramatic change in behaviour of the material after 292
days: the sludge begins gaining viscosity again and at an increasing rate. This
increasc in ratc is apparent in both figures until the data stops at 11,300 hours
(470 days). Because of the variable behaviour pattern of this sludge it can not
be predicted for how long this gain in viscosity would continue.

- Sludge 150
Figurecs 5.16, 5.17 and 5.18 contain plots of the viscosity readings versus time
for sludge 150, that is the sludge with the initial water content equal 150%. In
addition, two best fit curves, one for the peak, one for the residual values, were
drawn through the plotted results. The lowest viscometer reading reported in
this part of the testing program was 15.5 ("zero" time and 150% water content)
and the highest was more than 112 units (11,280 hours or 470 days) at a water
content of 141%.
The viscometer readings of the 150% constant water content sludge (liquidity
index = 5.2) is presented in Figures 5.19 and 5.20. The curve follows mainly the
time-only siiength gain path; it continues up to 11,280 hours (470 days) which
corresponds to the actual water content of 141%, for the remaining 210 day
period (11,280 to 16,320 hours or 470 to 680 days) the measurements follow the
timc consolidation path.
Three main phases in the strength behaviour can be observed when
cxamining the graphs. Phase one is the initial rapid gain in viscosity followed
by a somewhat slower but still high increase until 1000 hours (42 days). Phase
two shows a gradual decrease in viscosity gain until the viscometer readings

reach a constant value just over 100 units at 11,280 hours (470 days). Finally,
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phase three consis's of the part of the curve that shows a decrcase in viscosity.
The overall pattern is very similar to that of the 300% water content sludge.

- Sludge 100
The plot of viscosity test results versus time for the sludge with the 1nitial
water content of 100% is shown in Figures 5.21 through 5.23. Thc viscosity
results vary from a low of 37 measured immediately after mixing to a high of
27% units at 11,350 hours (473 days). The water content remained constant
throughout the duration of this series of experiments (680 days). The best fit
curves are included on the same graphs.
Because of the fact that there was no consolidation obscrved in sludge 100, the
strength gain path of the 100% water conient (I =3.2) has only one
component; the time-only strength gain path. That is, the values on Figures
5.24 and 5.25 are identical to the best fit peak viscosity curve on Figures 5.21,
5.22 and 5.23.
There are similarities between this viscosity plot ana that for 150% water
content; there are also three phases distinguished in the shape of the curve as
described earlier. However, in phase two the viscometer readings arce still
climting at 11,350 hours (473 days), the peak is rcached some time bctween
11,350 and 16,320 hours (470 and 680 days) and the drop in phase three is more

pronounced than in the 150% water content sludge.

5.2.2 Thixotropic Viscosity Ratios

Thixotropic viscosity ratios for all five previously discussed water contents are
presented in Figures 5.26, 5.27 and 5.28. From the data, it can be concluded that
there appears to be no simple relationship between the water content and the
degree of thixotropy (expressed as the thixotropic ratio). The dominant fecature

of the graphs is that the viscosity ratios can be divided into three distinctive
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classes. Class onec consists of water contents which display low relative ratios.
These arc the 100% and 150% water contents which correspond to liquidity
indices of 3.2 and 5.2, respectively. It is remarkable that these two viscosity
ratio .‘uives ~re so close to each other that for all practical purposes they can
bc¢ ceansidcred identical, both magnitude- and shape-wise.

It should be noted however that the term "low" thixotropic ratios is used in
rclation to thc others shown. The above given values of the thixotropic ratio
arc high by other soils' standard as will be discussed l#:cr in this chapter.

The second class has only one water content; 300% (Ip=11.2). In all three
graphs (Figure 5.26, 5.27, 5.28), this curve places consistently between the
other water contents. Its shape is similar to the 100 and 150% ratios, however it
rcaches its peak sooner than the other two (3000 hours or 125 days).

Class three consists of the two remaining water contents: 400 and 233% (I =15.2
and 8.5, respectively). They display the highest thixotropic ratios. Initially, the
curves remain very close to each other; after about 120 hours (5 days) the
233% ratios stait to climb at a slightly higher rate and when they reach the
end of the 400% water content curve at 21 days, the thixotropic ratios are 10.2
for 233% versus 9.0 for 400%. The 233% water content ratio continues its climb
alone until it reaches a value of 13.3 at about 4800 hours (200 days). The shape
of the last part of the 233% curve is rather inconsistent with what was
observed with the other water contents. After 290 days, it begins its dramatic
climb, achieving a thixotropic ratio of over 21 at the end of the experimental
program (11,280 hours or 470 days).

On the basis of the above measurements, without analyzing the vane shear
strength results, it can be concluded that the oil sands tailings sludge displays
high and long lasting thixotropic effects. The water (solids) content of the

sludge affects the magnitude of thixotropy; generally, thixutropic ratio
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increases with increasing water content, however there is no direct
relationship. As the 233% watzr content (30% solids content) shows, there
appears to be a certain water content at which the microscopic structurc
(interparticle distance and orientation) of the soil is optimal for thixotropic
gain in strength. Considering Figure 5.28, it can bec scen why some
researchers (Danielson and MacKinnon, 1990; Isaac, 1987) conclude that the
strength gain in sludge appears to stop after a relatively short time; a rapid
gain occurs within hours after mixing and the strength gain curve appears to

become almost horizontal. Short term testing leads to such conclusions.

5.2.3 Residuai/Remoulded Viscosity Ratios

Figures 5.29 to 5.31 present the residual to remoulded viscosity ratio for the
five different water contents. The terms “residual” and "rcmoulded” viscosity
(or vane shear strength) should perhaps be defined, as they are often used
interchangeably. Here, the remoulded value indicates the measurement
obtained from a test conducted immediately after mixing of the specimen (time
= 0) whereas the residual value is the lIowest rcading at time t after
considerable shearing has taken place.

In all cases, it can be clearly seen that the recsidual viscosity increcases with
passage of time. Furthermore, there is a gencral trend of higher relative
increase in residual sirength with increasing water content. However, the
233% water content which shows the highest ratios is an exception, similarly
as was the case with peak viscosities. High values of residual viscosity ratios
displayed by all the water contents might be in part explained by the
construction of the T-bar spindles. A small diameter T-bar coupled with a very

low rotation rate (1 rpm) may not offer a high degree of remoulding of the
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slurry. Therefore, this discussion will be elaborated on in conjunction with

the discussion of the residual vane shear strength (Section 5.3.3).

5.2.4 Liquidity Index-Residual Viscous Resistance Relationship

As discussed in Section 5.5, many researchers have f{ound a «clatienship
between  liquidity index and remoulded shear strength for a wide range of
soils. Some authors also define the relationship between liquid limit and plastic
viscosity for different soils (c.g. Locat and Demer:. 1988). However, the index
character of viscosity measurements in this research program inhibits any
comparison of a potential relationship established here with those found in
the literature.

Figure 5.32 shows a plot of liquidity indices versus residual viscometer
readings for all tests conducted in this experimental program. Three power
law curves were fitted through the data points. Curve one describes the
liquidity index-residual viscometer reading relationship at time equal zero and
this could be considered as the true remoulded slurry equation. Curve two
describes the relationship at 40 days. This particular time was chosen
arbitrarily because at 40 days a wide range of liquidity indices was still
cncountered. These two curves and the two corresponding equations show how
the age of sludge affected residual viscosity measurements. Finally, curve
three shows the relationship for all data points if the time effect is not
included.

All three curves show a good correlation implying that if appropriate
calibration factors existed for the T-bar spindles a positive relationship

between liquidity index and viscosity could be established.
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5.3 Undrained Vane Shear Strength
5.3.1 Shear Strength at a Constant Water Content

- Sludge 400
Figures 5.33, 5.34 and 5.35 depict the results of undrained shear vanc testing on
the sludge with the initial water content of 400% versus time. Different scales
are used in the graphs in order to focus on long- and short-time bchaviour of
the sludge as well as on the slope of the best fit curves. The undrained shear
strengths in this series of tests vary from a low of 2 Pascals immcdiately after
mixing to a high of 144 Pascals after 16,320 hours (680 days) at 178% water
(36% solids) content. Two curves were fitted through data points, one for the
peak values, one for the residual values.
The peak shear strengths for the 400% constant water content sludge are
shown in Figures 5.36 and 5.37. The 500 hour limit indicates the span of
existence of the 400% water content sludge in these tests. A 400% watcr content
is equivalent to a liquidity index of 15.2 based on the Atterberg limits for the
sludge (see Chapter 4, Section 4.1.2). Figure 5.36 uses the logarithmic scale for
the time axis to better see the gain in strength in the first several hours
whereas in Figure 5.37, the arithmetic scale is used in order to see thc overall
undistorted change in strength with time. As was mentioned with viscosity
measurements, the 400% water content sludge follows the time-only strength
gain path. The most dramatic increase in strength occurs in the first iwo
hours following mixing. The curve exhibits a gradual decrease in slope
although it still shows continuing gain in strength at an age of 500 hours (21
days). The thixotropic effect accounts for about 7.5 Pa strength gain during
this period of time.

- Sludge 300
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The undrained shear strength versus timc resuliing from vane testing of the
sludge with the initial water content of 300% (25% solids content) is shown in
Figurcs 5.38 through 5.40. The best fit curve for the peak and residual
strengths  are also shown. The lowest strength measured in this phase of
testing was 3.2 Pa for the fully remoulded specimen while the highest was 170
Pa after 680 days of sclf-weight consolidation resulting in a water content of
168%.

The analysis of the results (Figures 5.41 and 5.42) reveal that the strength gain
path for the 300% constant water content (I =11.2) can be divided into two
distinctive paths: the time-only path up to 800 hours (33 days) and the time-
consclidation path from 800 to 5000 hours (33 to 208 days). Again, the most
rapid gain in strength occurs in the first two hours after mixing. The
constantly diminishing rate of strength increase is apparent in Figure 5.42. At
3,000 hours (125 days), it appears that the strength plateaus and there is only a
slow incrcase in strength until the end of the test at 5000 hours (208 days). The
thixotropic gain in strength of the 300% constant water content sludge after
208 days is approximately 25 Pascals. The shape of the plot suggests that
thixotropic change for this particular water coutent is slow after 3000 hours
(125 days).

- Sludge 233

Figures 5.43, 5.44 and 5.45 present the results of the undrained shear vane
testing against time for the 233% initial water content (30% solids content)
sludge. The samples varied in age from 0 to 16,320 hours (680 days), in water
content from 233 to 158%, and in shear strength from 4.4 to 210 Pascals.
Smooth curves were constructed through both peak and residual strength

values and are shown in the graphs.
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The water <ontent of 233% corresponds to a liquidity index of 8.5 and its shear
strength versus time is shown in Figures 5.46 and 5.47. The time-only strength
gain path is from zero to about 1000 hours (42 days), and the time-
consolidation strength gain path is followed for the rest of the time, that is
from 1000 to 11.280 hours (42 to 470 days). The thixotropic gain in strength in
470 days was close to 87 Pa. The unique shape of the 233% water content was
also shown in the viscosity analysis (Section 5.2.1). The shear strength
increase at this water content appears to be controlled by the time-
consolidation path followed. In late stages, the 233% constant water content
shear strength is mainly influenced by the strength of slurries with initial
water contents of 300% and 400%. The strength of a particular water content
sludge then depends on how the sludge arrived at that water content, that is,
what initial water content it had and how long it took 10 consolidate 1o its
present water content.

It should be noted that in the oil sands tailings pond all sludge has the same or
a very similar initial water content and follows a similar time-consolidation
path. Long term laboratory tests to measure thixotropic strength changes
should therefore start with the pond sludge initial water content and follow, if
possible, the pond time-consolidation path.

- Sludge 150

Figures 5.48, 5.49 and 5.50 show a plot of undrained shear strength versus time
for the sludge with an initial water content of 150% (IL=5.2). The duration of
the test was 16,420 hours (684 days) during which the sludge consolidated from
150 to 129% water content (40 and 44% solids content, respectively) and had an
undrained shear strength from an initial low of 19 to a high of 314 Pascals. The

graphs also include the best fit curves for peak and residual strength.
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The time-only strength gain path followed by the 150% constant water content
sludge, shown in Figures 5.51 and . 52, is resp: ble for almost 70% of the
total time of the test, 0 to 11,280 hours (0 to 4, days); the remaining 5,140
hours or 214 days account for the time-consolidation strength gain path. As
expected, therc was a rapid gain in strength in the first several hours after
mixing. The ratc of increase slows gradually although it is still rather high
after 1,000 hours (42 days). The increase in strength continues until 11,280
hours (470 days). After 470 days, as was first noticed with the viscosity
measurements, the sludge shows a decrease in shear strength. The thixotropic
gain in strength in the first 470 days is more than 260 Pascals after which the
strength drops by about 55 Pa in the next 214 days.
- Sludge 100

Figures 5.53, 5.54 and 5.55 show the undrained shear strength versus time for
the 100% water content sludge (IL=5.2). As mentioned earlier, this sludge did
not exhibit any sclf-weight consolidation during the test and, consequently,
the water content remained constant. The measured peak shear strength
varied from an initial of 62 Pa to a high of 567 Pa at 11,280 hours (470 days). A
scatter of results can be noticed in the figures; the explanation of possible
causes of it is offered in Section 4.3.5. The overall trends, however, are still
readily distinguished. It was decided that the residual shear strength best fit
line was horizontal suggesting that the residual strength was time
independent. Due to the lack of consolidation in the sludge, the strength gain
path consists of the time-only strength gain path (Figures 5.56 and 5.57) and
the shear strength is a direct effect of thixotropy. There is a remarkable
resemblance between the 100% water content strength curve and that for the
150% water content strength curve (except for strength magnitude) which

indicate that secondary factors have little, if any, influence on the time
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dependent shear strength of sludge for initial water contents below 233%. The
thixotropic effect in the first 11,280 hours (470 days) amounted to about a 500
Pa gain in shear strength; the decrease in strength in the following 5,520
hours (230 days) was in the 180 Pa range.
- Sludge 47

Sludge 47 represented the oil sands tailings sludge at its liquid limit of 46%
(IL=1.0). Sludge of such a low water content (68% solids content) is not present
in the pond at this stage of the pond development; the highest measured solids
content was approximately 52% (Daniclson and MacKinnon, 1990) which is
equal to 92% water content. As was discussed in Chapter 3, testing the sludge at
the liquid limit provides a convenient basis to compare the sludge to other
soils. Figures 5.58 through 5.60 are plots of the results of undrained shear
strength tests versus time for the liquid limit sludge. Again, a scatter of data
points can be noticed in all three graphs. The trend shown by the residual
shear strength confirms the one observed for sludge 100: no tendency to
increase with time. Therefore, the best fit curve for residual strength is a
horizontal line. Similarly, the long term test peak shear strengths are best
represented by a horizontal line. The tests continued to 12,550 hours (523 days)
with the shear strength increasing from an initial value of 1.5 kPa to a high of
6.6 kPa. Figures 5.61 and 5.62 show some of the tendencies observed earlier for
the other water contents: rapid gain in strength in the first several hours,
followed by a period of a gradually slower but still high rate of incrcase in
strength until 1000 hours (42 days), followed by a lower rate of incrcase to
approximately 6000 hours (250 days) and constant strength with time to the
end of the test (523 days). A distinctive peak and a subscquent drop of the

strength with time, as was noticed for the 100% and 150% water contents, was
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not observed. The thixotropic gain in strength was approximately 5 kPa which,

in absolute terms, is the highest among all considered water contents.

5.3.2 Thixotropic Strength Ratios from Vane Shear Tests

The thixotropic gain in strength has been given in terms of absolute values
for every constant water content. To compare the relative increase in
strength, thixotropic strength ratios have been calculated for each water
content and are illustrated in Figures 5.63 through 5.65. The six water contents
can be divided into three distinctive classes as can be seen in all three graphs.
Class one, exhibiting the lowest thixotropic ratios, consists of one water
content; that of the liquid limit sludge. Despite its lowest position on the
graphs, this water content still shows a well defined effect of thixotropy: the
thixotropic ratios rcach values in excess of 4 after about 125 days and remain
constant afterwards. Class three also corsists of one water content; that of
233%. As was the case with thixotropic viscosity ratios, this water content
displays the highest relative gain in strength. This is evident even in the
initial hours after mixing (Figure 5.65). The dominance of the 233% water
content increase in strength ratio continues until the end of the test period
where it reaches a thixotropic strength ratio of close to 21. Class three which
could be described as that of intermediate to high thixotropic ratios has four
water contents: 400, 300, 150, and 100% water content. Of the four, the 150%
water content shows the highest relative gain in strength; it reaches a
thixotropic ratio of 14.5 at 11,300 hours (470 days). Furthermore, the 150% and
100% water contents display a decrease in strength in the final stage of the
test duration. The 400% and 300% water contents, on the other hand, still

exhibit a moderate increase in strength at the end of their respective tests.
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Most of the observations made for the thixotropic viscosity raiio contour lines
(Section 5.2.2) arc confirmed here. There appears to be no simple relationship
between water content (or liquidity index) and degree of thixotropy. Section
5.4 features an in-depth discussion addressing 2 possibility of such

relationship.

5.3.3 Residual/Remoulded Shear Strength Ratios

Figures 5.66, PR %.68 show residual to remouldud undrained shear
strength ratios ceans e for different constant  water contents. The
remoulded strei. measured immediately after mixing of the slurry,

whereas the residual strengths are from tests conducted at clapsca times after
mixing. As was mentioned earlier, the rcsidual strengths of the 100% water
content and liquid limit sludge did not exhibit any increasing trend with iime.
These measurements indicate that the action of thke revolving vane in these
sludges caused complete remoulding of the material. The remaining  four
higher water contents show significant changes in residual strength  with
time. Figure 5.66 reveals that the 150% water content sludge shows the highest
relative increase in residual strength reaching its highest point of about 3.0
afier 11,300 hours (470 days). Afier this, it drops to a ratio of 1.4 at 16,320 hours
(680 days). The 233% water content also climbs to a relatively high ratio of 2.4
after 4000 hours (167 days) and then slowly descends over the next 7270 hours
(303 days) to a ratio of 1.4. However, the 233% water content has clearly the
highest ratios in the first 3000 hours (125 days) which can be seen in Figures
5.67 and 5.68. A behaviour somewhat similar to that of the 233% water content
is shown by the 300% water content. The values reach a peak of 1.8 at 2000
hours (83 days) only to dip to a ratio of 1.3 by 5000 hou:ss (208 days). The

increase in residual strength of the 400% water content sludge is moderate: the
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highest ratio is less than 1.3 after 500 hours (21 days), the end of the test.
Section 5.4 discusses the relationship betwcen water content and

residual/remoulded strength ratio.

5.4 Effect of Water Content on Thixotropic Ratio
- Peak Strength

It was suggested in Section 5.2.2 that there may be an optimum water content
at which thixotropy is a maximum. To investigate the validity of this concept,
thixotropic shear strength ratios for the different water contents are shown
in Figure 5.69 for time intervals of 2 days, 20 days, 200 days, 450 days, and 700
days. It is apparent that, starting at the lignid limit, thixotropic ratio increases
with increasing water content reaching its maximum at 233% water content
(1.=8.5) after 'vhich increasing water content causes a decrease in thixotropic
ratio. This trend is well defined at three time intervals; 2 days, 20 days and 200
days and more pronounced with higher elapsed times. At 450 days, the
relationship could not be extended past 233% water content because of the
shorter duration of the higher water content tests. The thixotropic ratios at 700
days show the decrease in shear strength in the long term tests.

The "modified effective stress law” postulated by Chatterji and Morgenstern
(1989) as discussed in Chapter 2 offers an explanation for the observed water
content-thixotropic ratio relationship. The intrinsic effective stress or net
physico-chemical stress (R-A), can have a strong influence on shear strength
and compressibility of clay-water systems. At high void ratios, its influence
would be small and at low void ratios, it would be a small percentage of the
apparent effective stress. At some intermediate void ratio, the physico-
chemical stress (R-A) would have the largest relative influence on the

apparent effective stress. As thixotropic ratio is the relative increase in shear
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strength not the absolute, it shows that the 233% water content sludge has the
optimum void ratio for relative thixotropic increcase.

The concept of optimum void ratio could help answer some questions
associated with the behaviour of the sludge in the pond. Ficld mecasurements
show (Danielson and MacKinnon, 1990) that sludge with solids contents close to
30%, which corresponds to the water content of 233%, occupics
disproportionally large depths in the pond. These ficld mecasurements also
show that self-weight consolidation of the sludge takes a rclatively short time
to reach 30% solids content. However, the rate of consolidation after 30% solids
content is reached is significantly reduced which results in a thick layer of
sludge at or close to this particular solids content. Coupling the concept of an
optimum void ratio for maximum relative thixotropic effcct with the
development of effective stresses in the pond offers a logical explanation for
this phenomenon. High relative thixotropy combined with low effective
stresses reduces the rate of consolidation.

- Residual Strength
To determine any trend between time and residual strength or between water
content and residual/remoulded strength ratio, one must first consider
whether the residual values are rcally the lowest thai can be obtained or would
further rotating of the vare bring even lower results. Elder (1985) found in
his experiments that residual strengths after long times were higher than
remoulded strengths. He concluded that the vane residual rotation anglcs used
(210°) were insufficient to reattain the fully remoulded state. Bowden (1988)
increased the residual rotation angle of the vane to 720° to cnsure that full
remoulding of the shear surface took place. Bowden concluded that residual
strengths did change with the passage of time but trends were conflicting. The

vane rotation of 720° (or rotation sufficient for readings to stabilize at a
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minimum value) was adopted as a standard for residual strength in this
rescarch program. As it appears that complete remoulding was achieved for
the 100% water content sludge, the same vane and a similar rotation angle also
should be sufficient for higher water contents. In fact, remoulding a soil of
high water content should require less effort than remoulding the same soil
with a lower water content. If the above is true, then the oil sands tailings
sludge docs exhibit a time dependency of its undrained residual shear si.ength
at watcr contents above 100% (IL=3.2). Figure 5.70 presents plots of the residual
to remoulded shear strength ratio versus water content for different time
intervals. Five time intervals were selected to illustrate the relationship; 2
days, 20 days, 80 days, 160 days, and 700 days. Although the trend between the
rclative increase in residual strength and water content is not as clear as was
the casc for peak strength, the four first time intervals show defined peaks.
These measurements agrce with the postulation that irreversible changes take
place in the sludge with time. It would appear, however, that the magnitude of
thesc irreversible physico-chemical changes is small when compared to the

total decrease in strength from peak to residual.

§.5 Liquidity Index-Residual Shear Strength Relationship

Several authcrs have proposed empirical relationships between remoulded
shear strength and water content. The liguidity index is generally used as an
appropriate normalization of water content for different soil mineralogies and
different water chemistries. A plot of liquidity indices versus residual shear
strength from all vane tests conducted during this research program is shown
in Figure 5.71. As shown earlier, there is an influence of time on residual

strength therefore three different relationships are derived for the sludge.
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Relationship one is for truly remoulded sludge (the results are obtained from
"zero" time tests) and can be wriiten as:
cur = (17.6/1) 2:32 (5.3

The undrained shear strength, cy,, in the above and all following
relationships is expressed in Pascals.

Rclationship two is for residual shecar strengths obtained from tests conducted
at 40 days of aging. This particular time was chosen because at 40 days there
was still a wide range of liquidity indices available without the nced of
interpolating the data and yet therc were enough changes in residual
“..z:n to illustrate the time effect. The resulting equation can be written as:

cy, = (23.8/11) 2.28 (5.3)
Finally, the third relationship inciudes all measurements:

cyy = (20.5/1) 2-40 (5.4)
The curves for the first two relationships are included in Figure 5.71, the
cuerve for the third equation is not shown but iis position would be between the
former two. General relationships for scils proposed by other rescarchers are
also illustrated in Figure 5.71.
Elder (1985) analyzed his and other rescarchers’ <ata and proposed a
relationship for remoulded shear strength at liquidity indices betwecen 0.4 and

20:
cur = Cuwy/IL3 = (14.4/1)3 (5.5)

where cywp is the undrained shear strength at the liquid limit. To be consistent
with Elder, cywy = 3 kPa (3,000 Pa in the equation) was uscd. Elder states that a
value closer to 2 kPa might be more appropriate but argues that it would
underpredict strengths at liquidity indices higher than 3. When compared to

the zero time results for the oil sands tailings sludge, Elder's relationship

underestimates the strength at high liquidity indices; by 0.6 Pa or 40% at I, =
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15. If cyw; = 2 kPa is used in his relationship, the strength is even more

underestimated.
Locat and Dcmers (1988) combining data from the Swedish fail cone and
viscosity tests for some remoulded sensitive clays, in the range of liguidity
indices between 1.5 and 6, proposed a relationship that can be written as:

Cy, = (19.8/1L) 2:44 (5.6)
The curve rcpresenting this equation was plotted to higher values of liquidity
indices so it could be compared to the relationships derived in this researcii.
From Figurc 5.71, it can be seen that Locat and Demers' relationship offers a
remarkably good fit to the remoulded shear strengths of the oil sands tailings
sludge.
Two other correlations between remoulded shear strength and liquidity index
were considered. Because of their lower range of liquidity indices, these two
relationships were plotted on a separate graph and are shown in Figure 5.72.
The residual shear strengths of iwo oil sands sludges are also included: 100%
water coatent and the liquid limit.
Mitchell (1976) determined remoulded shear strength as a function of liquidity
index for several ciays and constructed approximate limits for the data over a
liquidity index range from 0 to 3.5. He attributed the range of values to the
different methods of testing used to obtain the data. From Figure 5.72, it is seen
that all residual shear strengths of the sludge at the liquid limit are close to the
centre of the limits proposed by Mitchell. The agreement for the 100% water
content sludge (IL = 3.2) is not as close as for the liquid limit sludge although
the remoulded shear strength (1=0) falls in between the limits. As discussed
carner, the 100% water content residual strength did not show a time
dependency, therefore the range of strength seen in the plot is the variation

of the measurements.
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Leroueil et al. (1983) found that for many soils in the 0.5 < I < 2.5 range, the
rclationship between remoulded shear strength and liquidity index can be
written  as:
cy, = (25.9/11) 2-27 (5.5

The curve iesulting from this equation was plotted in Figure 5.72. At the liquid
limit, the residual strength of the sludge is in close agrecement with Leroucil's
prediction. At Iy = 3.2, where the curve was ecxtrapolated beyond the
relationship's upper limit, Equat’-~ *° &) gives a  higher value; 118 Pa versus
62 Pa for the sludge.

From the above discussion, it can be concluded that the residual strength of
the oil sands tailings sludge in the range of liquidity indices bectween 1 and 15
is accurately prelicted by the relationships derived for many other clays.
Therefore, The sludge, despite its unique origin, shows rcmoulded strength
characteristics cimilar to thosc in natural sensitive clays. From the
geotechnical engineering point of view, the remoulded oil sands tailings
sludge is similar to other remoulded sensitive clay soils. Its mineralogy and
water chemistry do not give it unique remoulded propertics even several years

after formation.

5.6 Comparisca of Shear Strength Tests to Viscosity Tests

For the two major groups of experiments, viscosity mecasurecments and shear
vane strength testing, higher importance was placed on the vanc testing. This
decision was dictated by several factors. Viscosity measurements, as mentioned
carlier, represented an index type of testing because of the limited nature of
the equipment. Calibration of the T-bar spindles for non-Newtonian fluids may
be possible but that was deemed beyond the scope of this thesis. The vanc tests,

however, measure a universally used geotechnical engineering parameter;
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undrainecd shcar strength. It has been shown earlier that the vare remoulded
strengths agree with published data and the validity of these test results
appcar acceptable. Furthermore, the data base for vane testing is well
documented and comparisons with other soils can be readily drawn. Viscosity
testing is bccoming a new tool in soft soil investigation but it cannot be used
for geotechnical design. The objective of the viscosity testing then was to aid
and cnhance the vane shecar testing. A minor objective was to show the
uscfulness of viscosity testing in soft soil research. The degree of compatibility
between the two methods is discussed below.

Thixotropic ratios from viscosity measurements and shear strength
measurements for different water contents are compared in Figures 5.73
through 5.82. As usually employed throughout this presentation, both
arithmetic and logarithmic scales are used for time in these graphs to better
show the data.

The 400% water content thixotropic ratios are presented in Figures 5.73 and
5.74. The viscosity ratios are significantly greater than the shear strength
ratios. Apart from numerical values, however, both curves exhibit almost
identical trends with time as indicated by their similar shapes.

A good similarity between both methods of testing for the 300% water content
sludge can be scen in Figures 5.75 and 5.74. Initially, the viscosity ratios are
slightly higher but afier 1000 hours (42 days) the shear strengih ratios
becoeme greater.

As shown previousiy, the 233% water content sludge developed <he highest
thixotropic ratio with both the viscosity and shear strength tests reaching a
maximum ratio of 21. Figures 5.77 and 5.78 show that both thixotropic ratios are
very similar to each other in terms of magnitude as well as increase with time.

Especially significant is the agreement displayed for advanced times, 4000 io
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11,280 hours (167 to 470 days), where both test methods had the same increase
in strengih.

The 150% water content sludge shows a good agrcement between shecar
strength and viscosity thixotropic ratio up to about 240 hours (10 days) as
illustrated in Figures 5.79 and 5.80. After this period, the shear strength ratio
is increasingly larger and after 470 days the difference in the ratios rcaches a
high value. In spite of this difference, the trends in time-dependent
behaviour are similar. Even the final drep in thixotropic ratio is well mirrored
in both tests.

The comparison between viscosity and shear strengih testing is given in
Figures 5.81 and 5.82 for the 100% water content sludge. An overall good
agreement is shown with the shear strength ratio displaying higher values
throughout the test duration. Again, the shapes of both sets of measurcments
are similar, including the final drops in the ratios.

Data from the liquid !limit tests could not be compared as viscosity
measurements were not conducted for this water content for the reasons
explained in Section 3.2.1. Furiicrmore, the residual viscosity and shear
strength ratios were not compared to each other because it was concluded that
the viscosity apparatus T-bar spindles did not offer a sufficient degree of
remoulding.

Viscosity ratios were higher than shear strength ratios at higher water
contents. The opposite was true for lower water contents (150 and 100%). In
conclusion, the two methods of testing displayed an overall good agreement,
especially in refleciing time-dependent trends in strength behaviour of
different water content slurries. The agreement in terms of magnitude of the

ratios was not nearly as good as the paitern of change with time.
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5.7 Comparison to Other Thixotropic Tests on Sludge

Daniclson and MacKinnon (1990) conducted tesis to determine how the
rheological propertics of sludge with a solids content of 26.6% (276% water
content) changed with time. Ti2y used a concentric cylinder viscometer to
mcasurc the upper yield strengt:. fluid viscosity, lower yield strength, and
plastic viscosity as a function of time. The test duration was 97.5 hours. The

upper yield strength results of their tests (the upper yield strength in

viscosity mcasurements would be an eqgvivasient of the peak shear strength in
vane testing) were plotted as thixotropic 0 and are shown in Figure 5.83.
The vane shear strength thixotropic raiic . the 300% water content (25%

solids content) sludge from this research was plotted on the same graph for
comparison. A power law curve was fitted through Danielson and MacKinnon's
data. The siudge tested by the shear vane shows significantly higher
thixotropic ratios. The difference may be attributed to different testing
methods; the viscometer operated at a continuously changing rate of shear
whereas the vane was rotated at a constant, very low rate. Both plots confirm
however that the most rapid gain in strength occurs in the first 10-15 hours

after which the gain continues at a much reduced rate.

5.8 Effect of Self-Weight Consclidation on Thixotropic Strength
Consolidation of a soil results in the soil particles shearing past one another
and a subsequent reduction in the physico-chemical bonding or thixotropic
strength  between the particles. The magnitude of thixotropic strength
decrcase depends on the rate and amount of consolidation. The slower the rate,
the less the effect on thixotropy.

The higher water content sludges in this study underwent self-weight

consolidation (Figure 5.84) and it is postulated that it was this process that was
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responsible for the deccreases shown in thixotropic strength in the long term

tests.

As discussed carlier, the strength gain path followed by cach water content

sludge can be divided into the time-only strength gain path and the time-

consolidation strength gain path. Three water contents, 400%, 100% and 6%,

followed the time-only strength gain path. The other three, 300%. 233% and

150%, displayed both phases of strength gain. The effect of consolidation on

cach sludge is discussed below:

The 400% water content sludge showed a continuous increase in strength
over the duration of the test and no consolidation took place during thax
period.

The 300% water content sludge gained most of its strength during the time-
only path. Consolidation either caused a reduction in strength (Figure 5.10)
or resulted in a slow rate of strength incrcasc (Figure 5.42).

The 233% water content sludge did not show a decrease in strength which
would indicate that the rate of increase in particle bonding is higher than
the rate of decrease by shearing.

The 150% water content sludge had a relatively small amsunt of
congolidation. The time-only str ugth gain path brought a continuous
increase in strength (Figures 5.20 and 5.52) and the time-consolidation
path was responsible for the drop in strength.

The 100% water content sludge did not consolidate, yet a strength reduction
is apparent in both test procedures (Figures 5.25 and 5.57). Althougk no
firm explanation of this phenomenon can be offered, it is possible that at
this water content there is another time dependent physico-chemical
factor which is greater than the effect of thixotropy. Because the decrease

in strength could not be explained, the index properties of the sludge
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spccimen used for the 100% water content long term tests were measured at
the end of the test. The Atterberg limits of the specimen (Table 4.1, Batch
1.3) and its grain size distribution (Figure 4.1, Batch 1.2) indicate that it is
rcpresentative of the sludge used in this experimental program.

- The liquid limit sludge is another case of the time-only strength gain path.
From Figure 5.84, it can be seen that in the laboratory conditions, the sludge
with an initial water content of 400% consolidated to a water content of 235%
(30% solids content) after 470 days (1.3 years). In the pond environment
becausc of the longer drainage path, the sludge reaches a solids content of 30%
after about 3 years of consolidating (MacKinnon, 1989). The rate of
consolidation in the pond is therefore less than half that in this research
program. It is possible then that the thixotropic strength loss due to
consolidation is less in the pond than in these laboratory tests. Considering the
interrelationship between gain in thixotropic strength with time and loss in
strength  with consolidation with time, research into the physico-chemical
processes occurring in the sludge must take both these processes into account.
In fact, such research must ensure that the sludge in the laboratory follows
the samec time-consolidation strength gain path that it follows in the tailings

pond.

5.9 Comparison to Other Thixotropic Soils

Thixotropy in general and its various aspects were discussed in Chapter 2.
Preceding sections of this chapter were devoted to analyzing thixotropic
behaviour of the oil sands tailings sludge. In this section, the sludge will be
compared to other soils which display various degrees of thixotropy and whose
documented cases have been found in the literature. It appears that thixotropy

is mentioned frequently in publications regarding strength behaviour of
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sensitive clays. However, there are very few cases in which long term
thixotropic bchaviour has been investigated in a fashion similar to the one
followed in this experimental program. Onc such casc was presented by
Moretto (1948). The author tested four different natural clays at water contents
at or ciose to the liquid limit. Unconfined comprcssion tests were conducted on
the clay samples with constant water content at different time intervals
ranging from 0 to 610 days after remoulding. Acquired sensitivities of the
clays as a measure of thixotropy were presented as a function of the peiiod of
rest. Skempton and Northey (1952) in iheir classic paper on the sensitivity of
clays, dedicated a part of ieir study to thixotropy. They used the resulis
obtained by Moretto and added their own tests on three different sensitive
clays and three clay minerals. Their findings are presented in a
comprehensive graphical form showing percentage thixotropic regain with
the passage of time. The work on thixotropy by Skempton and Northey is often
cited by other authors (e.g. Seed and Chan, 1957; Miichell, 1976) but they do not
extend Skempton and Northey's time dependent analysis to other soils, higher
water contents or prolonged times. In fact, most investigations are limited to
clapsed times anywhere from several minutes to several days. Therefore, the
observed lack of available data.

To compare the oil sands tailings sludge to other soils exhibiting thixotropy,
the results of Moretto (1948) and Skempton and Northey (1952) werc plotied
with the shear strength test results for the liquid limit sludge. The comparison
can be seen in Figure 5.85, for five typical clays and the sludge, and Figure
5.86, for three clay minerals and the sludge. It should be noted that all :nils
shown in the two figures were tested at (or close to) their respective liquid
limits. The plots present gain in strength with time for different soils in form

of thixotropic ratio versus time in an arithmetic scale. From Figure 5.85, it can
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be scen that the highest degree of thixotropy among the five natural clays is
shown by the Becauharnois clay (Laurentian clay) which after 610 days
recaches a thixotropic ratio of 4 and may reach a higher ratio with further
time. The other four natural clays are well below the Bcauharnois clay in
terms of thixotropic ratio and it appears that they would never show a
thixotropic ratio of more than 2. In the same figure, the thixotropic ratio of
e liquid limit sludge is also presented. The sludge has the highest thixotropic
ratio and only the Beauharnois clay shows a relatively close increase. It
appears that the bigg.st difference in the relative strength gain between th:
two clay soils takes place in the first several days after remoulding; the sludge
reaches a thixotropic ratio cf about 2.4 versus 1.5 for the Beauhamois clay.
After this initial rapid increase, the ratios of thixotropic increase are very
similar to the end of the tests at approximately 600 days.

In Figurc 5.86, the thixotropic ratios for three clay minerals, kaolin, illite clay,
and bentonite, are given in comparison to the liquid limit siudge. Kaolin shows
almost no thixotropy and illite shows only a small effect. In contrast, the
bentonite shows a high gain in strength at very short time intervals.
However, the rate of increase reduces significantly after about 50 days where
it rcaches a ratio of 2.2 and after 200 days, the clay shows a total ratio of
approximately 2.4, When comparing the sludge to the clay minerals, it is
obvious again that the former exhibits a significantly higher thixotropic
effect. Immediately after remoulding, the sludge increases in relative strength
at a higher rate than the bentonite. After 50 days, the sludge has a thixotropic
ratio of 3.4 and reaches its highest ratio of 4.4 at about 300 days. Although the
bentonite appears to be still gaining strength at the end of the testing period,

it scems unlikely that it would ever reach the ratio attained by the sludge.
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Skempton and Northey (1952) also investigated the influence of water content
on thixotropic regain for different clays. The authors show that thixotropic
regain decreases with decreasing water content below the liguid limit and
suggest that thixotropy may be zero at water contents at or close to the plastic
limit. Figurc 5.87 c ntains Skempton and Northey's data and the comparable
results of this research. The vertical axis in ths plot is defined as the ra‘io of
two ratios; the thixotropic ratio at a particular water content divided by the
thixotropic ratio at the liquid limit. In this manner, thixotropic ratios at
different water contents were normalized to that at the liquid limit. The ratios
were compared at 100 days of aging of the soils. At water contents greater than
the liquid limit, the evidence provided by Skempton and Northey is
conflicting; two of the clays are slightly less thixotropic and two show
increased thixotropy. In this experimental program. only waicr contents at or
above the liquia limit were considered. Thus only two values for the sludge arc
shown on the plot; water contents of 46% and 100%. The sludge shows
increasing thixotropic effects with higher water content, however the
increase is noi nearly as dramatic as for ihe Beauharnois clay as scen in
Figure 5.87. The bentonite appears to exhibit a similar increase as the sludge

however the data is too limited.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
The conclusions of this resecarch program will be presented in a form of two

diffcrent categorics; test results and testing equipment and procedures.

6.1.1 Test Results
1. The main objective of this research program was achieved. The time
dependent  strength behaviour of oil sands tailings sludge was successfully
investigated and described with the aid of two independent testing methods:
viscosity measurements and undrained shear vane tests.

2. The oil sands tailings sludge is a highly thixotropic soil. It exhibits higher
rclative thixotropic gain in strength than typical clays and clay minerals.

3. The ecffect of thixotropy in sludge is highly dependent on water content. The
absolute gain in thixotropic undrained strength increases with decreasing
water content. The highest absolute gain in strength, 5.1 kPa in 300 days, was
shown by the liquid limit (47% water content) sludge.

4. The relative increase in thixotropy, the thixotropic ratio, indicates that
there is an optimum void ratio or solids content for relative thixotropy. At
233% water content (30% solids content) the sludge shows the highest
relative gain in strength; a thixotropic ratio of 21 after 470 days. Higher and
lower water content sludges show smaller relative values.

5. The rate of thixotropic hardening was highest in the first several hours
after mixing for all water content sludges with the undrained shear strength
doubling within 6 hours. The rate decreases with time.

6. Self-weight consolidation may be a major factor affecting thixotropy.

Particle shearing resulting from consolidation reduces physico-chemical
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bonding ‘produced by thixotropy. The higher the rate of consolidation, the
smaller the thixotropic gain in strength. Because the rate of consolidation in
the pond is slower, the thixotropic effect in the tailings pond may not be
affected as much by self-weight consolidation as it was in this cxperimental
program.

7. A laboratory study of physico-chemical propertics of the sludge should
follow the same time-consolidation strength gain history as that of the
sludge in the tailings pond.

8. Residual shear strengih of sludge is time dependent at water contents
greater than 100%. Physico-chemical bonding is not completely destroyed by
large shearing strains.

9. The relationship between residual shear strength and liquidity index for
sludge is similar to the empirical correlations developed for other very soft
soils.

10. From the rheological perspective, the sludge is classified as a non-
Newtonian fluid. In its undisturbed state, the sludge bchaves like a Herschel-
Bulkley model material; when remoulded, the sludge is a Bingham model
fluid. The transition between the two types of rheological behaviour in the

sludge is the effect of thixotropy.

6.1.2 Testing Eguipment and Procedures

1. Viscosity testing om high water content sludge proved to be a simple and
reliable method of describing the change in rheological behaviour and
strength properties of the sludge. The viscosity apparatus used in the tests

provided index properties not absolute values of viscosity.
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2. The modified vane shear apparatus is a highly sensitive and accurate
mcthod of determining peak and residual undrained shear strengths of the
sludge.

3. The novel cavity expansion method of undrained strength testing of the
sludge gave some initial promising results.

4, Both testing methods, viscometer and vane shear, gave similar results in
monitoring the long time strength behaviour of the sludge.

5. Special care should be exercised when determining the liquid limit of the
sludge. It is required that, duc to thixotropy, the blow count be conducted
immediately after thorough mixing of the material.

6. For geotechnical engineering purposes, it is recommended that the grain
size analysis on the sludge be performed with the standard hydrometer test

on the as-received material without oven drying or extracting the bitumen.

6.2 Recommendations for Further Research

1. Long term strength behaviour of the oil sands tailings sludge should be
investigated in more detail to develop a quantitative relationship between
thixotropy, consolidation and time.

2. The novel method of testing, the cavity expansion test, should be further
developed and used for undrained shear strength testing of the sludge as an
alternative to vane and viscosity testing.

3. It is necessary to study variation of shear strength and viscosity of the
sludge with temperature in order to develop temperature correction factors.

4. The effect of thixotropy determined in this research should be incorporated
into the consolidation theory of the sludge in order to understand the long

term consolidation behaviour in tailings ponds.
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5. Development of equipment capable of determining shear strength of sludge
in field conditions is required.
6. An in-situ testing program should be performed to confirm the laboratory
results obtained in this thesis.

7. An appropriate method of grain size distribution testing should be developed
for the sludge that would take into account the material's unique propertics.
8. The effect of pore water chemistry on the strength of the sluige is not
adequately understood. A study should be undertaken to investigate this

effect.
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APPENDIX C. Shear Vane Test Plots
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