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Abstract

The present method of o0il sands tailings disposal
results in a tailings pond with a fine tails zone that will
take many decades to fully consolidate. Non-segregating
mixes of total tailings are desired to prevent or greatly
reduce the formation of a fine tailings zone. Lime and
sulphuric acid were used in this study to prevent
segregation of the tailings. Two batches of total tailings
from the Syncrude Canada Ltd. operation were tested. These
averaged 48 % solids and 55 % solids, with an average fines
content (< 44 microns) of 17 %. The settlement and
consolidation properties of non-segregating mixes were
determined using large diameter standpipe and slurry
consolidation tests. Based on these tests, non-segregating
mixes were achieved by adding 600 to 800 ppm CaO, based on
the total weight, or 7.5 to 10 ml/1 of 10 % H,S04, based on
the total volume of tailings. A significant volume
reduction (30 to 40 %) occurred in the first few days after
deposition due to hindered settling of the tréated tailings.
Self-weight consolidation, with effective strasses of 5 to
10 kPa, results in tailings with a predominantly sand
structure, after a longer time period. Further testing is
required to determine the concentration of additives
required for tailings with lower and higher solids and fines
contents. As wéll, the effect of increasing shear on the

segregation of the mixes needs to be determined.
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1. Introductjon
1.1 Statement of Problem

The Athabasca o0il sand deposit of northern Alberta is
mined and processed to produce synthetic crude oil. The
resulting tailings stream is pumped to a t2ilings pond where
the sand that settles out of the tailings stream is used to
form a containment dyke. The dyke is used to contain the
fine portion of the tailings, a large portion of the
tailings water and most of the bitumen not recovered im the
processing plant. This combination of fines, water and
bitumen consolidates very slowly, on the order of decades,
resulting in a long-term disposal problem.

It is suggested that if the tailings stream can be made
non-segregating by using additives to flocculate or
coagulate the clays, the tailings pond can be eliminated or
greatly reduced in size. The non-segregating tailings can
be deposited in layers in the existing pit or within dykes
built on the surface and reclaimed once the containment area

is full.

1.2 Objectives of Research

The purpose of the work in this thesis is to determine
the effectiveness of lime, of lime and a high molecular
weight polymer and of sulphuric acid to prevent segregation
of total tailings and if successful, to study the

geotechnical properties of the resultant materials.



The maih objective is to determine the concentrations
of additives to prevent segregaticn and then the optimum
concentrations of additives in terms of the settlement and
consolidation properties of the mixtures.

Additional objectives are to determine the hindered
settling rate, and the consolidation parameters (void ratio
with effective stress) and (hydraulic conductivity with void
ratio) of the non-segregating mixtures. Included with this
are the development of laboratory equipment and procedures
to achieve these objectives.

The final objective is to use the laboratory parameters
to predict settling and consolidation rates in the field,
using hindered settling and finite strain consolidation

theories.

1.3 Scope of Thesis

Standpipe tests are used to determine the hindered
settling and self-weight consolidation properties of non-
segregating mixes of tailings. The standpipes range in
height from 0.35 m to 2.0 m. The tailings range from 45 to
55 percent solids and 15 to 20 percent fines based on the
#325 (44 micron) sieve.

The consolidation properties are determined using both
large scale step load and constant rate of deformation
consolidation equipment. Permeability measurements are
performed between the increments of the step load

consolidation test.



The laboratory data of void ratio versus time, void
ratio versus effective stress and void ratio versus
hydraulic conductivity are used in a finite strain
consolidation program to predict the rate of consolidation

of tailings with time in the field.

1.4 Organization of Thesis

Chapter 2 contains a review of literature relevant to
this thesis. The o0il sands operations are first reviewed,
followed by a review of any work performed on treatment of
oil sand tailings. The other topics reviewed are: 1) the
use of flocculants and coagulants in other industries,

2) clay aggregation by flocculants and coagulants, 3) batch
mixing equipment and theory, 4) hindered s#%tling and finite
strain consolidation testing and theory.

The testing program is described in chapter 3. This
includes a description of the equipment used and the testing
procedures, including the tailings and flocculant
preparation procedures.

The results of the testing program are presented in
chapter 4. This has two major sections, one for each batch
of tailings. The supernatant water chemistry results are
presented in the last section of the chapter.

Chapter 5 contains the field predictions based on the

experimental data obtained in the thesis work.



The conclusions and recommendations for further work,
based on the findings in this research program, are

presented in chapter 6.



2. Literature Review

2.1 Overview of 0il Samds Operations

The oil sand deposits of Canada are located in the
northern half of Alberta. The largest are the Athabasca,
Peace River and Cold Lake deposits, as shown in Figure 2.1.
The three deposits contain approximately 266 billion m3
(1673 billion barrels) of crude bitumen, in-place (ERCB,
1990). The largest of the deposits, the Athabasca, is the
only one with shallow enough overburden to allow surface
mining. It is estimated that the proved synthetic crude oil
reserves from the surface mining areas of this deposit would
be 4.8 billion m3 (30 billion barrels) (ERCB, 1990).

At present, there are two commercial operations, both
mining the oil sands from the Athabasca deposit near Ft.
McMurray, Alberta. These are the Syncrude Canada Ltd. and
Suncor Ltd. operations. Both use surface mining techniques
to extract the 0il sand, the modified hot water extraction
process to extract the bitumen and tailings ponds to store
the tailings after the extraction process. Combined, the
plants produce approximately 33,000 m3/d (208,000 barrels/d)
of synthetic crude oil or approximately 20 % of Canada’s

domestic production (ERCB, 1990).
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Figure 2.1 Map of 0il Sand Deposits in Alberta



In situ, the oil sands consist of predominantly quartz
sand grains, surrounded by a thin film of water and fines,
with the remainirg pore space filled with bitumen and some
associated gas (Fig. 2.2, after Dusseault, 1977). The
majority of fines in the deposits are found in separate
seams and lenses, often containing thin micaceous partings.
The composition of the Athabasca deposit averages 5 % water,
11 % bitumen, 12 % fines (< #325 sieve) and 72 % sand, based
on the total mass. The largest variation in the ore stream
is with the amount of bitumen and the amount of fines
(Dusseault and Scott, 1983).

The extraction process consists of several stages. The
first conditioning stage involves adding hot water to the
0il sand ore and then charging with steam at 80 to 95 °C.
Sodium hydroxide is added to increase the pH to 8.0 to 8.5
to disperse the clays, allowing the bitumen to be removed
from the solids more easily. This results in the fines
being dispersed into the water medium.

In the next stage, called the separation stage, more
water is added to the tailings to promote segregation so
that the bitumen will float to the surface as a froth. The
froth is skimmed off the surface and the bitumen recovered.
The coarse solids sink to the bottom of the vessel where
they are drained off. The remaining material is called the
middle zone or middlings. It consists of water, dispersed
clay and bitumen. This zone is drawn off, and air flotation

is used to remove more of the bitumen. This stream is then
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combined with the coarse solids stream to form the tailings
stream (Camp, 1977). Additional water (level control water)
is also often added to the tailings to allow them to be
pumped more efficiently. At Syncrude, 117 x 106 metric
tonnes of o0il sand ore are mined annually, resulting in 98 x
106 tonnes of tailings solids per year (Syncrude - personal
communication, 1991).

The average tailings stream consists of approximately
1 % bitumen, 17 % fines and 82 % sand (based on dry weight).
The fines content varies from about 8 % to 25 % as the plant
feed varies. The fines content in this research is based on
the #325 sieve (44 microns), and about 45% of the fines are
clay size (<2 microns). The solids content of the streanm
ranges from about 35 % to 65 %, with an average of about 55
$. The clay fraction consists predominantly of kaolinite
and illite, with some minor amounts of montmorillonite. The
sand is uniform around the 150 micron size.

The high water content of the tailings stream is
advantageous in that it can be hydraulically transported.
This is the most efficient method of tailings
transportation. As noted, extra water is generally added to
the tailings stream to obtain a mix that can be
hydraulically transported more efficiently.

The disadvantage of the tailings stream is that it
segregates upon disposal. This results in a predominantly
sand beach around the outside of the tailings pond and a

very high water content fines zone in the centre of the
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pond. The sand is used to construct the dyke that contains
the fines zone. This fines zone takes several years to
settle and consolidate to a 30 to 35 % solids content. It
is believed that any consolidation beyond this stage occurs
at a very slow rate. Consolidation of the sludge to a
reclaimable state could take tens of decades. As a result,
bulking of the tailings occurs to about 1.4 times that of
the o0il sand ore (Camp, 1977; Scott and Dusseault, 1980).

Segregation of tailings creates an environmental as
well as an operational problem. Environmentally, the pond
is a problem because it is not a permanent disposal
solution. The pond is toxic to any wildlife and ensuring
the stability of the pond for the very long term is a
problem. Operationally, it is a problem because Syncrude
plans to mine the area beneath the pond sometime in the
future.

Any solution to the tailings problem should ideally
include hydraulic transportation, one-step disposal, a
reclaimable surface, low cost and high safety, reclaim of
water, leachate control and a reduction in total storage

volume.

2.2 Treatment of 0il Sand Tailings

There has been a considerable amount of work on the
tailings problem, with most of it concentrated on the fines
portion of the tailings stream. Most of the laboratory work

was performed on fine tailings dredged from the centre of a
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tailings pond, with some work on total tailings sampled from
a tailings line.

Some of the work performed on total tailings involves
flocculating the clays to achieve a non-segregating tailings
stream. Generally settlement and occasionally consolidation
tests were performed on tailings treated with a flocculant.
Papers are presented in section 2.2.1 and patents in section

2.2.2, in chronological order.

2.2.1 Papers

Hocking and Lee (1977) treated fine tailings with
electrolytes, acids, oxidizing and reducing agents and
organic flocculating agents. The settlement characteristics
were determined using a centrifuge. Hydrochloric acid and
sulphur dioxide were found to work the best, with
electrolytes and oxidizing agents next. The problem with
the experiments was that a centrifuge was used to determine
the settlement characteristics, which because of the very
high stresses present, make it very difficult to compare to
self-weight experiments with very low stresses.

Rao (1980) performed small scale tests on the short
term settlement and drainage behaviour of fine tailings
flocculated with polyacrylamides after pretreatment with
electrolytes. The tests were performed on Syncrude and
Suncor fine tails samples of 10 % and 16 % solids content

respectively.
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The electrolytes used for pretreatment were caCl,,
MgSO4, CaSO4 and CaO. The flocculants used were Percol 140,
a high molecular weight cationic polyacrylamide (PAM),
Percol 351, a very high molecular weight non-ionic PaM,
Separan MG 200, a high molecular weight anionic PAM and
Cyanamid A-130, a high molecular weight anionic PaAM.
Cyanamid A-130 was found to work the best in terms of the
amount of settlement and % fines in the decant. The best
electrolytes were CaCl, and MgsSO,, followed by CaO.

The results are useful for suggesting which chemicals
work the best, but since the tests were so small (0.48
litres) and short term (1 day) no conclusions in terms of
the geotechnical properties of the samples can be drawn.

In a report for AOSTRA, Erno and Hepler (1981)
investigate the use of various flocculating agents to
enhance the use of pressure filtration on whole oil sand
tailings. The principle scheme involved adding lime to the
total tailings until a pH of 11.8 was reached (with an
associated increase in viscosity), then adding an ionic
flocculant, a neutral flocculant and then dewatering by
pressure filtration. It was mentioned that the flocculants
may not neceéssarily be required. CaO worked well for high
sclids content tailings, but addition of ionic flocculants
worked better for lower solids content tailings.

It was found by testing a number of flocculants that
Cyanamid A-130 worked well with Ca0O. It was also found that

sulphuric acid would also work, but not as well as lime for
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filtration. The amount of lime required increases with the
solids content of the tailings and is also related to the
bicarbonate content and the cation exchange capacity of the
clays.

A paper and a patent by Kessick (1982) refer to the use
of polyacrylamide in combination with calcium ions to
flocculate clays in o0il sands fine tailings. This method
can be used to enhance the recovery of bitumen from the fine
tails. Disposal techniques revolve around disposal of the
clay fraction. Calcium treatment of clay tailings before
adding polyacrylamide enhances the flocculation caused by
the polyacrylémide. The flocculation is caused by bridging
of the polymers across clay particles and seems to be
enhanced by the organic component of the sludges. 1In the
first stage, lime is used to cause a water-in-oil emulsion
allowing bitumen removal. In the second stage lime and
polymer could be used for dewatering the resulting clay
suspension by flocculation. This method could be used for
treatment of either fine tailings from the pond or as a part
of the recovery process. Disposal of the tailings stream is
not included as part of the exclusive privilege.

In a report for Environment Canada, C-H Synfuels (1984)
study the potential of flocculating or coagulating whole
tailings and then depositing the resultant material using a
method similar to Robinsky’s thickened discharge method
(Robinsky, 1978). The chemicals tested were lime, Cyanamid

high molecular weight anionic polymers (Magnifloc A-110 and
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A-137) and FeClj. The majority of the testing was performed
using lime and the polymer A-110, as it was found that the
other chemicals showed no advantage in use.

The report includes a review of the oil sands, oil sand
processing and the tailings problem. The testing was
performed in 1.5 litre jars and 4 liter 3 m high columns (5
cm diameter). From the jar tests an optimum lime
concentration of about 600 ppm CaO based on the total weight
of the sample and an optimum lime plus polymer concentration
of 550 ppm + 6 ppm based on total weight were determined.
The settled average void ratio using these concentrations is
around 1.0 based on the water content, although there are
some contradictions to this in the report. A problem with
these tests is that properties of the material such as
initial solids content, specific gravity and grain size are
not reported, making it difficult to compare these results
to those found in the author’s research progran.

One useful result is that one test with 585 ppm CaO and
2 ppm A-110 was performed at 69 °C as opposed to the 20 °C
used for the rest of the tests. The test showed a faster
settlement rate for the 69 °C test, but no change in final
settlement amount. The increase in settlement rate was
attributed to a lower viscosity of the water at the higher
temperature. It was also noted that more oil floated on the
surface of the sample than for the 20 °C tests.

Small scale flume tests were also performed as part of

the study. It was found that higher lime concentrations
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were required to prevent the tailings from segregating in
the flume (1000 - 1500 ppm). They postulate that this may
be due to air entrapped in the sample during the mixing
process, but no testing was performed to prove this.

Chemical analysis was also performed on the decant
water from the tests and these results will be compared to
the ones of this study in section 5.3.

The report also includes sections on a water recycle
scheme, a proposed disposal concept, a limited economic
study and a reclamation study. The report is labelled as a
preliminary report and as such is inconsistent in a few
places, but a valuable starting point to compare the results
of this thesis.

A report by Marsh and Shaw (1984) presents a study of
the fines capture achieved on deposition and the beach
formation of segregating and non-segregating oil sand
slurries. Tailings of various fines and solid contents were
prepared by mixing sand and fine tails. 1000 ppm lime (not
defined) was added to four tests with high fines contents.
Lime was found to reduce the beach slope, but did not
completely prevent segregation in the flume.

Prasad and Joshi (1985) added lime to sludge and then
used the centrifuge to analyse the effectiveness of lime for
removing bitumen from the sample. No total tailings were
tested and since only centrifuge tests were done, this will

not be discussed further.
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Scott and Chichak (1986) determined the minimum
concentration of CaO, Ca(OH), CaCl,, HySO, and CasS0,4+2H50
to prevent segregation in standpipes and troughs and the
self-weight consolidation characteristics of the non-
segregating mixes. The tailings tested was a mixture of
fine tails, tailing pond water and beach sand, resulting in
a tailings with 54 % solids and 20 % fines (< 44 microns).
The cylinders used for the test were 90 cm high and 7.5 cm
in diameter and the troughs were 2.4 m long, 30 cm wide and
30 cm high. It was found that concentrations of 750 ppm Cao
prevented segregation in both the standpipes and the trough
and 300 ppm H;SO4 prevented segregation in the standpipes

(trough tests were not performed for the acid).

2.2.2 Patents

Elliot (1975) incorporates freeze-thaw of tailings
after adding an agglomerating agent. Agglomeration can be
caused by either raising the pH to over 9.0 using a basic
reagent or lowering to below 7.5 using an acidic reagent.
The reagents listed include Ca0 and other calcium sources as
well as high molecular weight acrylamide polymers.

Lang and Hentz (1973) treat tailings by flocculating
using an acrylic acid or water soluble acrylic acid derived
polymer and using a non-ionic polymer as a secondary
flocculant. There is no mention of a disposal technique in

the patent.
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over the pond area to use the san:. to incrvise the rate of
consclidation of the sludgeé in %"« pora. No additives are
discussed.

Behan and Vendrinsky (1976) use an alkaline reagent and
then sulfuric acid to break up emulsions forme¢ hy adding
NaOH to the tailings stream to allow bitumen to be
recovered.

Bain and Roberts (1$%7) outline a method of mixing
sludge with the total tailings stream and depositing the
mixture over an inclined sand pile with water abeve. No
additives are discussed.

Schutte (1977) uses acid (specifically sulphuric acid)
to clarify middlings water from oil sands processes. The
acid causes the clays to flocculate and thus settle by
lowering the pH to the range 5.5 - 7.0. The pH is claimed
to return to essentially neutral conditions after sitting
for a few days. The method is claimed to work for waters
containing up to 10 percent solids by weight. It is not
discussed whether the method would work for total tailings.

Specken (1977) adds finely divided activated carbon to
sludge to adsorb toxic compounds, then adds coagulating
agent (calcium ion), flocculating agent (commercial
flocculation agent) and sodium bentonite to cause
flocculation of the fines in drilling fluid sumps or oil
sands tailings. It was found that two stage addition of
polyelectrolytes would give rise to tighter flocs. It was
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also found that for some waste fluids, adding a strong
oxidant such as potassium permanganate leads to a pronounced
reduction in the amount of flocculant dosage required. It
was suggested that a floating aerator could be used to
disperse the chemicals into the fluid. There is no mention
of total tailings or deposition methcd for total tailings in
the patent.

Tibbitt (1977) suggests adjusting the pH and then
freezing and thawing the water effluent or sludge from oil
sand tailings. The material stream is divided into two
parts, with the pH of one stream raised above 8.5 by adding
a basic reagent and the pH of the other stream lowered below
7.5 by adding an acidic reagent. The streams are then
combined and allowed to freeze and thaw. It is claimed that
less basic and acidic reagents are required for the same
results than if only an acidic reagent was added and also
the resultant pH would be more neutral. There is no mention
of specific reagents or of total tailings or deposition
schemes.

Specken (1978) uses an alkali permanganate and
polyelectrolyte to flocculate the clays in a drilling fluid
sump ot 6il sands tailings stream. There is no mention of
total tajlings or deposition method in the patent.

Liu, Lane and Cymbalisty (1980) suggest a method to
treat tailings before vacuum filtering. The clay is
flocculated using lime as a 10 § by weight slurry and then
filtered. Ca0O was found to work well in 300-700 ppm by
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total weight range. Other salts such as CaCl,, Al;(S04) 35,
FeCl;, CasO4 were tried, but Ca0 was found to be the most
desirable in terms of performance and cost. The patent
describes ways of mixing CaO and water and pwiping the
mixture into the tailings, but no deposition schemes are
mentioned.

Fuhr and Liu (1981) suggest a method for controlling
flocculant addition to a tailings stream by monitoring the
Zzeta potential. Lime (at a 10 % by weight slurry) is added
to the tailings st:zam until the zeta potential equals zero
then the sclids and water are separated by vacuunm
filtration. Tests have shown that filtration rate is a
maximum, filtrate solids are at a minimum, and filter cake
moisture content is at a minimum when the zeta potential
equals zero. The zeta potential equals zero when 350 ppm
Ca0 is added to a low fines content tailings stream and when
800 ppm C&D is added to an average fines content tailings
stream. Testing also indicated that the amount of NaOH in
the tailings stream did not have an effect on the amount of
lime required. A higher amount of NaOH results in a more
negative zeta potential, but it appears that the zeta
potential increases to zero faster with lime addition, with
no net effect of the NaOH.

Fuhr, Sanford and Lemke (1982) outline a method to
optimize flocculant addition by monitoring the fines content
of the tailings stream. They found that the amount of lime
required is proportional to the amount of fines in the



20

tailings stream. With 8 % < #325 sieve 200 ppm Ca0 was
required for optimum filtration and with 18 % < #325 sieve
550 >pm CaO was required. The tailings were mixed for two
minutes in a mechanical mixer at 600 rpm. It was noted that
severe agitation would cause the flocs to break apart after
agglomeration. The patent is for filtration and no form of
deposition of the tailings is mentioned.

Roberts (1982) includes a method of depositing a sand
layer on ice over a sludge layer which upon thawing will act
as a permeable piston to compress the sludge layer. It
mentions internal surcharging by mixing sand with sludge
that has been treated with flocculants, particularly
hydrolyzed starch flocculant. It also mentions total
tailings mixed with flocculant, but only in terms of dyke
building or as a complicated scheme involving three
settlement ponds.

Yong (1983) uses hydrolyzed starch flocculants in
various tailings treatment schemes. The schemes are
generally complex involving two or three tailings ponds and
often sand surcharge layers. He never discusses simply to
mix flocculant with total tailings and deposit it in layers
and allow it to settle and consolidate. This is probably
because it appears that he assumes that the flocculated
tailings will segregate to a degree and a "fine" tailings
zone will subsequently have to be treated.

Schmidt (1987) describes using an activated carbon gel

to remove the bitumen from either oil sands effluent or
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sludge and then flocculating the clays using a flocculating
agent and allowing it to settle. The removal of the bitumen
allows the flocculating agent to work more efficiently.
There is no specific mention of the type of flocculating

agent or of disposal schemes.

2.2.3 Summary

The most premising additives based on past work are
iime and acid, combined with anionic flocculants if
flocculation enhancement is required. Most of the reports
do not give much in terms of geotechnical measurements and
as such their usefulness is limited. Little work has been
done on deposition of the tailings once agglomerated and

this is an area that requires more research.

2.3 Flocculants and Coagulants In Other Industries

The use of flocculants and coagulants in other
industries, although fairly common, is not reported to a
large extent because often the details of the process are
controlled by the chemical companies and kept confidential.,
Coagulants and flocculants are used extensively in the water
and sewage treatment industries, but often on quite
different material from mine tailings. They are commonly
used in the mine industry to flocculate tailings in-plant
to prepare them for thickeners, vaguum filters, and filter
presses. It is not common for them to be used to enhance

settlenent and consolidation in the field.
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2.3.1 Water Treatment

The jar test is the standard for evaluating coagulants
and flocculants in the water treatment industry. These are
generally performed in one to two litre beakers and stirred
with standard flat blade impellers. The intensity of mixing
is expressed in terms of the mean velocity gradient which is
generally calibrated to the impeller rpm and the temperature
of the liquid. It is the work input into the fluid per unit
of time per unit of volume and is a function of the absolute
viscosity of the fluid. The coagulants or flocculants are
generally added to _.he beakers at specific times, in
specific concentrations and at specific locations in the
beakers. The duration and intensity of the mixing is
closely controlled, as is the pH and temperature of the
mixes. The chemicals are added at a point close to the
mixing blade, as it is not recommended to pour them on the
water surface because thorough mixing may not be achieved.
The flocculant aids are generally added to the mix
immediately after the rapid mix period. After mixing, the
mix is allowed to sit and the settling velocity recorded
(Hudson, 1981).

The results of the jar tests are scaled up to plant
requirements by scaling the mean velocity gradient and
settling velocity to plant conditions. The material is
generally settled and filtered in-plant and thus is
generally a dissimilar operation than proposed in this
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thesis. The water to be treated is generally of a low
solids content. The main points of interest here are the
use of the flocculants and the mixing processes.

In water treatment the two major criteria governing the
mixing and flocculation processes are intensity of agitation
and duration of agitation. The effect of the mixing on the
floc properties also depends on the type of mixing, whether
it be through conduits or by various types of impellers. It
has also been found that too long a mixing time has adverse

effects on the floc structure (Hudson, 1981).

2.3.2 Mine Tailings

Pearse (1984) reviews the common usage of forms of
acrylamide polymers to prepare tailings for vacuum filters,
thickeners and filter presses. The flocculation caused by
the polymers greatly increases the efficiency of the above
processes. This appears to be the common use of flocculants
in the mining industry, along with clarifying effluent
streams with low solids contents (such as surface runoff
streams). Pearse (1984) mentions the use of flocculants to
prepare tailings for field sedimentation, but gives no
details or examples of their actual use.

Bromwell and Oxford (1977) describe the concept of
using a flocculant withh a sand and clay mixture for the
phosphate waste of Florida. The scheme would involve adding
flocculant to a combined sand and clay mixture or

flocculating the clays and then mixing with sand. The
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concept had not been fully proven at this point and no
specific details are given on the process. It is noted
though, that when flocculant is used, if the discharge is
directed downward with relatively low velocity as opposed to
beaching or horizontal pipe discharge, segregation is

minimized.

2.4 Clay Aggregation by Flocculants and Coagulants
Traditionally, coagulants have been designated as
agents that cause aggregation of colloids by changing their
surface characteristics or surface charge. Generally, this
is achieved by changing the solution electrolyte strength.

Flocculants have been designated as those chemical agents
that cause chemical bonding of colloids (Sato and Ruch,
1980). In these terms, calcium ions are coagulants and
polymers such 2= Cyanamid A-110 (used for this project) are
flocculants. Suiphuric acid is hard to fit into these
categories as it causes flocculation due to a pH change.
For the remainder of this thesis, flocculation will be used
for both the coagulation and flocculation processes except
when referring to the work of others.

Electrolytes cause flocculation of clay particles by
lowering their surface charge, thus reducing the repulsive
forces and allowing attractive forces to bond the particles
together. Clay particles have a net negative charge due to
missing silica and aluminum ions in the clay particle

crystal lattice. Ions such as Ca2t reduce this charge by
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substituting for the missing ions in the crystal lattice
(often replacing Nat in a process called ion exchange).
Attractive forces, mainly van der Waals forces, then cause
the particles to agglomerate.

Clay preferentially adsorbs multivalent ions, thus
small amounts of these added to a clay-water-monovalent
system can cause flocculation. The sources of cation
exchange are isomorphous substitution, broken bonds at the
particle edges and replacement of the hydrogen of an exposed
hydroxyl. The first is the major cause for most clays
except for kaolinite, where broken bonds play a major role.
The exchange reaction in kaolinite is almost instantaneous,
resulting in quick flocculation after electrolyte change.
The exchange reaction is much slower for illites and
montmorillonites (Mitchell, 1976).

As mentioned earlier, the addition of a mineral acid
such as sulphuric acid causes flocculation due to a pH
change. There are two factors controlling the effect of pH
change on clays. The first is that clay particles have
hydroxyl (OH) exposed on their surface and edges and the
tendency for the hydroxyl to dissociate by the eguation:

SiOH =---> sSio~ + H*
is strongly influenced by the pH. The higher the pH, the
greater the tendency for the H* to go into solution and the
greater the effective negative charge on the particle. The
second factor is that the alumina which is exposed on the

edge of particles is amphoteric and ionizes positively at
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low pH and negatively at high pH. The result of both
factors is that at high pH, the particle repulsion is
increased and the clay is more stable and at low pPH, the
repulsion is decreased and positive edge to negative surface
attraction causes flocculation. This role of pH is much
larger for kaolinite, lesser for illite and relatively
unimportant in montmorillonite (Mitchell, 1976).

Flocculation by polymers is generally attributed to two
processes. The first is charge neutralization by polymers
of opposite sign to the particles. The other is by particle
bridging by high molecular weight polymers of neutral or the
same sign as the particles. Charge neutralizing polymers
appear to work by adsorbing onto the surface of the
particles due to electrostatic attraction. This results in
a lowering of the repulsion between clay particles (Sato and
Ruch, 1980).

Bridging of particles by polymers may occur for two
reasons. The first is by bridging of two or more particles
on one polymer chain. The seconé is by the interaction of
polymer chains that have one or more particles adsorbed onto
them. The first occurs at low polymer concentrations where
the chain is long enough to adsorb onto two or more
particles. The second occurs when the polymer chains are
very long and the polymer concentration is close to
saturation values. These saturation values can be quite

small and if the concentration is increased beyond these
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values the colloids will begin to disperse due to repulsion
of the polymer chains.

A high molecular weight polymer of the same sign as the
colloids works as a flocculant aid after the tailings have
been treated with cations such as Ca2t+ The cations are
used for charge neutralization which allows the clay
particles to come close enough together for flocculation by
bridging due to the polymer (Sato and Ruch, 1980).
Flocculant aids are generally low to medium charged, high
molecular weight (in the order of 1x106) polymers.

The charge of the polymers is dependent on the degree
of hydrolysis, with the higher degree of hydrolysis, the
higher the charge. A higher charge results in a fluid with
higher viscosity. The molecular chains become more
stretched with a higher charge due to repulsion of
hydrolyzed ions. Cyanamid A-110, used in this study, is a
medium charged polymer with 10-20 % hydrolysis which gives

randomly kinked or flexing coils (Bratby, 1980).

2.5 Mixing

Some aspects of mixing are reviewed here to help
understand mixing in the laboratory and also as a starting
point for understanding how to scale up to the field from
laboratory data.

When mixing in a vessel, the variables which affect the

uniformity of solids suspension are: vessel geometry,
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impeller construction, operating speed, particle density,
solids concentration, density of liquid phase, size range
and shape of particles, viscosity of fluid phase and
hindered settling (mixes which undergo hindered settling
will have a slurry viscosity) (Lyons, 1967). Hindered
settling slurries are non-Newtonian, that is the viscosity
is dependent on the magnitude of the shear stress or shear
rate. As the viscosity of the mixture goes up, the smaller
is the zZone of mixing and thus either the size of the mixing
container has to decrease or the speed of the impeller has
to increase. Circulation in a vessel is one of two types:
upwards flow which 1lifts the slurry or universally directed
which distributes the solids into the fluid.

It is noted that the best method to mix suspensions
such as sand in water (tailings before flocculation) are
bottom mounted flat blade turbines, with either stator
blades or side mounted baffles to ensure uniform mixing.
This ensures horizontal flow along the bottom of the vessel
to scour the sand and that the maximum vertical velocity is
at the bottom of the vessel where it is required to lift the
sand. Propellers are more effective where the apparent
viscosity of the slurry impairs settling of the solids, such
as occurs after flocculation (Lyons, 1967). At the
laboratory scale, either type of impeller would work fine,
but for a larger scale, a propeller would be preferred, as
less energy would be required to keep the tailings mixing.

It is recommended that at least a four inch diameter
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impeller be used for bench tests to scale up to field tests,
as scale effects are too large for any smaller impellers.

It is also noted that a curved blade turbine blade is
thought to reduce the shear of mixing, an important aspect
in flocculated mixtures. Also, the determination of
agitator power is quite involved. It is dependent on the
following variables: impeller diameter, tank diameter,
liquid depth, clearance of impeller off tank bottom, blade
width, pitch of blades, number of blades, blade length,
fluid density, fluid viscosity, power, impeller rotational
speed, gravitational acceleration and Newton’s law
conversion factor. In non-Newtonian fluids, such as
flocculated tailings, the viscosity changes with shear,
making the calculations more complex. There are correlation
charts available for specific impellers based on the above

variables. (Bates et al, 1967).

2.6 Hindered Settling and Consolidation

2.6.1 Introduction

To model the sedimentation and consolidation of a
material, laboratory testing is first conducted to determine
the settlement characteristics (interface height with time),

compressibility (void ratio with stress) and hydraulic
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conductivity with change in void ratio. These values are
then used with an appropriate theory to predict

sedimentation and consolidation in the field.

2.6.2 Hindered Settling
2.6.2.1 Hindered Settling Testing

Hindered settling is generally modelled in standpipes,
with the most basic measurement being the rate of fall of
the interface between the solids and supernatant water with
time. Auxiliary measurements include pore pressure
measurements at ports along the side of the standpipe and
measurement of the density of the slurry at selected time
intervals using either x-ray or gamma-ray techniques.

The pore pressures were measured for some tests
performed here, but most were of standpipes with no
instrumentation. Density profiles were not measured as the
time and expense were not justified. Sufficient information
was obtained from the standpipes alone.

The most important information was whether the sample
segregated, the settlement characteristics of the mix and
the final properties of the tailings. Density profiles
with intermediate time were not considered to be of great

importance.

2.6.2.2 Hindered Settling Theory
Sedimentation consists of two phases, a particulate

settling phase where particles fall individually according
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to Stokes Law and a hindered settling phase where particles
interact and settle en-masse. After hindered settling,
effective stresses will begin to develop between particles
and the soil will settle at a much slower rate, governed by
hydrodynamic consolidation (Tan et al, 1990; Been and Sills,
1981; McRoberts and Nixon, 1976). At the tailings
concentrations used in this study, particulate settling will
not occur and will not be discussed further.

Hindered settling theory was first developed by Kynch
(1952) for batch settling analysis. The theory is based on
the assumption that the velocity of settling is a function
of local concentration only. The original theory was based
on particles of equal size. McRoberts and Nixon (1976)
extended this to include non-segregating soils and define
the concentration, c, as the mass of particles per unit
volume as opposed to the number of particles per unit volume
as defined by Kynch (1952). The velocity of settling was
also re-defined relative to a point rather than a particle.

The concentration is defined as: ¢ = G4(1 ~ a)y,, ,
where n = porosity. The particle flux is then defined as
the weight of particles crossing a horizontal section per
unit time, or: S = vc. The governing equation for hindered

settling is then derived as:

de de _
-a-;-l'-V(C)ax—o 1)

where: V(c) = ~-ds/dc
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The hydraulic conductivity can be determined from the
interface settlement curve for a hindered settling material
using the method of Tan et al (1988). The equation, as

developed by Been (1980), is:

_YsCs¥w
c(lgl'- 1) 2)

1£%;

k =

The concentration and velocity of interface fall is
determined by Kynch’s graphical procedure and the method
ignores any consolidation that occurs during the hindered
settling phase. The work of Tan et al (1988) shows that the
permeability - void ratio relationship is not unique for an
active soil, but depends on the initial void ratio.

A slurry such as the one studied here goes through
three zones of settling based on the shape of the interface
settlement curve. These are; a constant rate period, where
hindered settling dominates and the void ratio of the soil
in the hindered settling zone remains at the initial void
ratio; a first falling rate period, where effective stresses
start to develop and hindered settling and self-weight
consolidation both affect the settlement; and a second
falling rate zone where consolidation dominates. It is in
the middle transition zone where the void ratio changes from
the initial void ratio to the void ratio at which
consolidation proceeds. This zone is incorporated into a

combined theory of hindered settling and non-linear finite
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strain consolidation by Pane and Schiffman (1985) and
Schiffman et al (1988), as discussed in section 2.6.3.2.
Laboratory testing of sediment columns to measure the
density of solids using x-ray or gamma-ray techniques or by
careful sampling have shown that the hindered settling zone
will often show a void ratio above the initial void ratio
due to water being squeezed out from below (Been and Sills,
1981; Imai, 1981; Tan et al, 1990). It is possible that
this phenomenon could also be due to partial segregation of
the samples, resulting in more fines in the hindered
settling zone, and thus a higher water content. This
appears to be at least partially to blame in the work of
Been and Sills (1981) and Imai (1981) where the samples that
segregated definitely showed this trend. It appears to be
sufficient to assume that the void ratio remains at the
initial void ratio during the hindered settling stage.
These studies have also shown, at least for the clay samples
tested, that the transition zone is quite thin, with a rapid

decrease in void ratio across it.

2.6.3 Consolidation
2.6.3.1 Consolidation Testing

The traditional method of measuring consolidation of a
soil is the oedometer. This method was first proposed by
Terzaghi (1924). It is performed by applying step loads to

a thin sample and monitoring deformation with time. %he
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void ratio - effective stress relationship is determined
directly and the coefficient of consolidation is calculated
using an inversion of any of several consolidation
relationships. The main disadvantage of the test, as
outlined by Znidarcic et al (1984) is the duration of the
test, which for some materials can take months. The
standard oedometer is also not designed to easily
accommodate the initial fluid behaviour and large strain
involved with testing slurries.

For this reason, large diameter slurry consolidation
cells have been developed (Bromwell and Carrier, 1979:
Scott, Dusseault and Carrier, 1986). The test is performed
in the same manner as the oedometer test with loads added in
increments to the sample. The duration of each load step is
much longer than the standard oedometer test due to an
increased sample thickness and since single drainage is used
(to more closely model field conditions). Pore pressures
are also monitored, as generally pore pressures do not
dissipate at the same rate as deformations (Schiffman et al,
1988). The main disadvantage with this test procedure is
the great length of time required to perform a test.

Several testing methods have been proposed to speed up
consolidation testing. These include the constant rate of
deformation test, controlled gradient test, constant rate of
loading test, continuous loading test, seepage test and
relaxation test. These are summarized in 2nidarcic et al

(1984). These tests are considerably faster than the step
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load test. The main disadvantage is the interpretation of
the results which relies on an inversion of a consolidation
theory to obtain the void ratio - effective stress
relationship (except for the seepage test). The inversion
theory generally requires restrictive assumptions which do
not work well for materials which undergo large
deformations. Another problem is that permeability cannot
be directly measured and has to be back calMgulated from the
results.

Theories for the analysis of constant rate of
deformation tests have been proposed by Smith and Wahls
(1969), Wissa et al (1971), Umehara and Zen (1980), Lee
(1981) and Znidarcic et al (1986). Smith and Wahls (1969)
use a simplified finite strain theory. The main limiting
assumption is that the void ratio is a linear function of
the time and space variables. A parameter b is used, which
is unknown and has to be determined by comparison to
reference tests. The method also does not appear to work
for ratios of the pore pressure at the base to the total
stress above 0.5.

Wissa et al (1971) use an inversion of an infinitesimal
theory in which the self-weight of the material is neglected
and the coefficient of consolidation is assumed constant.
The analysis has two forms, a linear and a non-linear model.
Additional assumptions are that the coefficient of volume
change for the linear model and the compression index for

the non-linear model are constant. The consolidation
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process is divided into two phases, an initial transient
phase followed by a steady state phase. The length of the
transient state depends on the rate of loading and upon the
magnitude of any initial load on the sample. The procedure
for calculating the stress-strain behaviour for the
transient portion is complex and relies on an assumption of
the ratio of the strain at the top and bottom of the sample.

The analysis of Umehara and Zen (1980) is based on an
inversion of a finite strain theory. The simplifying
assumptions here are that the coefficient of consolidation
and compression index are assumed constant and that the
sample has an initial uniform void ratio. The ratio of
strains is determined in the same manner as the method of
Wissa et al (1971) and then charts are used to determine the
void ratio effective stress relationships at each end of the
sample.

The method of Lee (1981) is the same as that of Wissa
et al for the transient portion of the test. The steady
state portion of the analysis is updated to a finite strain
formulation by continuously updating the height of the
sample during the analysis. This is made simpler by
assuming that the strain distribution within the sample can
be approximated by a parabolic function, as given by
infimitesimal strain theory. The procedure requires the use
of a numerical method such as a finite difference program to

handle the calculations.



37

Znidarcic et al (1986) propose a method that does not
include most of the simplifying assumptions of the previous
methods. The largest assumption is that the self-weight of
the sample is ignored. The analysis is based on the non-
linear finite strain theory as proposed by Gibson et al,
(1967). It is the most complex of the methods and involves
an iterative procedure that is solved using a finite
difference program.

The methods of Smith and Wahls, Wissa et al and Umehara
and Zen were chosen here due ﬁo their simplicity and are

compared in section 4.

2.6.3.2 Consolidation Theory
The classical theory of consolidation and the one still
used for most analyses is the theory developed by Terzaghi -

(1924) and given by the equation:

Ju 9%u

ot ¥ ox? 3)
where u is the excess pore pressure and cy is the
coefficient of consolidation defined by:

c, = K1+ ao)

ayYw 4)
where k is the permeability, e, is the initial void
ratio, and ay is the coefficient of compressibility.
The assumptions incorporated in the theory include a
linear stress-strain (compressibility) relationship, a

constant permeability and infinitesimal strain. There have
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been several extensions to the original theory to account
for non-linearity in the stress-strain or permeability-void
ratio relations and these have been reviewed in the paper by
Olson and Ladd (1979). None of these theories are strictly
applicable to the tailings tested here due to the large
strains that occur when slurries are consolidated. A finite
strain theory is required.

The simplest finite strain theories are ones that use
an infinitesimal strain theory in a finite difference
program (Olson and Ladd, 1979; Yong et al, 1983). The soil
parameters are adjusted such that the method is linear
between time steps, but non-linear with finite strains with
continuing iterations. Due to its ease of programming, the
method of Yong et al (1983) is used here to analyse the
self-weight consolidation of the tailings as tested in
standpipes, with input from consolidation and permeability
tests. The program allows hindered settling to occur at the
top of the sample while consolidation builds up from the
bottom. It is assumed that the tailings settle at the
initial void ratio until they reach the consolidation front,
where they collapse to the void ratio where consolidation
begins. The void ratio at the beginning of consolidation is
not a constant and will depend on the amount of flocculation
and coagulation of the clays and the initial void ratio of
the sample. It is determined by examination of the

settlement curve and trial and errc: .
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The void ratio-permeability and void ratio-effective
stress relationships determined from the standpipe, slurry
consolidation and permeability tests are input into the
program as power laws of the form: e = Ac'® , kx = ce®. This
was adopted for compatibility with the method of Somogyi
(1980), as used in the program developed by Pollock (1988).
The program by Pollock is used to predict the accumulation
of tailings in-pit once the material parameters have been
confirmed in the previous program. The upper boundary is
treated as a moving boundary as tailings are incrementally
added to the pit, with the initial void ratio the void ratio
at the beginning of consolidation.

There are several finite strain consolidation methods
which include the seif-weight of the soil and none of the
restrictive assumptions of the original theory. These are
reviewed in Pollock (1988). These methods are generally
based on either the finite strain theory of Mikasa (1965) or
Gibson et al (1967). The latter theory has found more use
in practice, likely since it places no restrictions on the
initial void ratio condition. The governing equation for

the theory of Gibson et al in one-dimensional form is:

s le 9 X _do'de.  Oe
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The method of Somogyi (1980), used here in the program
by Pollock (1988), reformulates the governing equation of
Gibson et al (1967) in terms of excess pore pressures and

solves it using a fully implicit central finite difference
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method. The governing equation in terms of finite

differences becomes:

Si,30(Ky, 5+ Dy §)uyq jey + (1 - 28y kg 46)uy 4.4
+Si'j6(K1,j = Dj,4)ug_ 1,441 = Uy, 4 + YpAZ

Si,3=0's,{f /ABye: Ky g = kg 3/ (1+ay4) 6)
Dj,j =1/ 4Wkjyq, 5/ (1 +ez,9 30— (kyy,5/(1+ €i-1,31))
5 = At / (Az)?

Pane and Schiffman (1985) and Schiffman et al (1988)
present a theory which combines hindered settling and finite
strain consolidation. This would be very useful here, but
due to time constraints its application is left to future

analyses.

2.6.4 Permeability Testing and Theory

Permeability or more appropriately hydraulic
conductivity values may be determined in the laboratory
using either indirect or direct methods. Hydraulic
conductivity can be determined using indirect methods by
inverting a consolidation theory and using it to interpret
the results of a consolidation test. Direct methods involve
forcing a permeant through a soil and recording the rate of
flow or the associated hydraulic head changes.

Indirect methods of determining hydraulic conductivity
have been found to often result in considerable error when
compared with measured values. Olson and Daniel (1981)
report a range of the ratio of measured to back calculated

'hydraulic conductivities of 0.9 to 5.0. Tavenas et al
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(1983) report that back calculated values underestimated the
measured values by up to six times. They observe that for
step loading tests interpreted using Terzaghi’s theory that
the difference is likely due to the incorrect assumptions
that the compressibility, permeability and coefficient of
consolidation remain constant during the test, especially
for soft soils. They also show that the hydraulic
conductivity determined from constant rate of strain tests
are particularly inaccurate due to several reasons: 1) most
interpretation theories include restrictive assumptions, as
discussed above, 2) a non-uniform void ratio generally
occurs during a constant rate of strain test, especially at
the drainage boundary and 3) large gradients occur through
the sample, due to the high pore pressures at the base of
the cell.

The direct methods of determining hydraulic
conductivity in the laboratory are the constant head and
falling head tests. These may be performed in triaxial
cells, oedometer cells or in specially built permeameter
cells. The tests are generally quite simple to setup and
interpret but require a long testing period if low gradients
are to be used for low hydraulic conductivity materials
(Olson and Daniel, 1980). Pane et al (1983) show that large
gradients, common in many permeability tests, will cause
consolidation. It is practically very difficult to perform
falling head tests at low gradients. This leaves the
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constant head test at low gradients to test
underconsolidated materials.

One concern with hydraulic conductivity testing is
whether flow obeys Darcy’s law, as the interpretation
theories generally assume. It appears from the work of
Tavenas et al (1983) and Olsen, Nichols and Rice (1985) that
as long as small gradients are used, a linear flow-gradient
relationship should be expected.

Another consideration in permeability testing is the
phenomenon of decreasing flow rates at the beginning of a
test, especially for low gradient tests (Olsen, Nichols and
Rice, 1985). With time, the flow reaches a steady state
level which then obeys Darcy’s Law. This transient
condition is likely due to time dependent changes within the
sample and is more dominant in finer grained soils. Pollock
(1988) shows that for an 80 % sand - 20 % fines oil sand
tailings mixture that the transient portion exists but
occurs for a shorter time period and is much smaller than
for higher fines content mixtures.

Hydraulic conductivity is calculated from laboratory
data of flow rate and the area of the permeameter using the
following equation:

k = AV / AtAi

7)

where, i = hydraulic gradient = Ah / H
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3. Testing Program

3.1 Summary of Testing Program

The testing program is centred around determining the
depositional characteristics of non-segregating mixes of
total tailings. It consists of standpipe sedimentation
tests, slurry consolidation tests, and associated
geotechnical index tests. The tests were performed on total
tailings supplied by Syncrude Canada Ltd. Non-segregating
mixes were achieved using either lime (Ca0), sulphuric acid
(H3S04) or lime and a chemical flocculant (Cyanamid A-110).

This chapter is divided into three main sections. The
laboratory equipment is first described, followed by the
tailings preparation and laboratory procedure and then the
properties of the tailings used for the test program are

described.

3.2 Equipment
3.2.1 Standpipe Tests

Standpipes of four different sizes were used. The
smallest of these were 1 litre hydrometer cylinders. These
are small glass cylinders averaging 36 cm in hei@ht and 6 cm
in diameter. These were the only clear cylinders, where the
sediment could be observed through the side of the cylinder.
A limited number of tests were performed in these cylinders,
as it was uncertain whether their small diameter would

affect the sedimentation and consolidation processes.
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The stainless steel cylinders used for the
consolidation tests, described in section 3.2.2, were also
used for a limited humber of sedimentation tests. These are
two cylinders 17.14 cm in diameter and 37.5 cm in height,
with a volume of 8.6 litres. The hindered sedimentation and
self-weight consolidation portions of the consolidation
tests are also included with the stand-ipe test results.

The majority of standpipe tests were performed in 30.5
cm diameter PVC cylinders 60 cm in height, with a total
volume of 44 litres. PVC was chosen because of its
relatively low cost and high durability, enabling the
tailings to be mixed inside the cylinders. Cellophane wrap
placed over the top of the standpipes was used to reduce the
evaporation of the decant. These were not instrumented and
were used to determine the tailings-decant water interface
with time as settlement and consolidation occurred.

Also, two 2 m high standpipes of the same size PVC were
used. The total volume of these was 146 litres or
approximately 4/5ths of a 45 Imperial gallon barrel. These
were instrumented with manometers to better analyse the
stages of settling and consolidation of the mix (Fig. 3.1).
Ten manometer ports were positioned every 20 cm up the
cylinder. The details of the manometer ports are shown in
Figure 3.2. The standpipes were also mounted on pallets, so
they could be moved through the laboratory to place or

remove tailings and to ensure that they would not fall over.
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One tall standpipe was also equipped with a loading
piston as illustrated in Figure 3.3. This was used to load
the sample after self-weight consolidation was complete.
The piston was made of PVC, with four stainless steel rods
to prevent the piston from tipping. Wellman Quline Q-140
geotextile was used as a filter beneath the piston. The
piston was found to have no measurable friction on the
cylinder walls. The weight of the assembly, 6.77 kg, was
used as the first load. Following this, lead shot was used

to load the piston.

3.2.2 Consolidation Tests

Two types of slurry consolidation tests were performed
and compared. These were step-loading and constant rate of
deformation tests. Both types of tests employed single
drainage through the top piston. The step loading tests
required about two months to complete while the constant

rate of deformation tests required about 5 to 10 days.

3.2.2.1 Step Loading Consolidation Apparatus

The step loading tests were performed in stainless
steel cylinders 17.14 cm in diameter and 37.5 cm in height
(Fig. 3.4). The pore pressure was measured at the base of
the cylinder beneath a porous plate, with a Validyne
pressure transducer having a 35 kPa maximum pressure. The
travel of the piston was measured using a 15 cm travel

linear variable displacement transducer (LVDT). The load was
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applied using dead weights for the smaller loads, up to 10
kEi, and a diaphragm air cylinder for the larger loads.

The loads applied by the air cylinder were measured wsing a
load cell in the piston rod and were regulated using a
pressure regulator and gauge. The cell was placed in a
loading frame, with the air cylinder bolted to the top. The
load cell was fabricated at the University, and had a
maximum rating of 600 kg. The measurements were recorded at
a pre-set time on a Fluke datalogger in the laboratory. The
calibrations and details of the sensors can be found in
Appendix A.

The piston was sealed using two Parker U-Packing wiper
seals. These provide a good seal with relatively low
friction. The piston was prevented from tipping, and thus
developing any excess friction, through the use of a top cap
with a bushing through the centre for the loading rod. The
bushing exerted no measurable friction on the loading rod.
The drainage was through a porous plate in the piston,
through a valve and then through a hose connected to a
horizontal burette positioned two cm above the top of the
sample. This provided a small amount of constant back
pressure on the system. The position of the burette was
adjustable to enable it to be moved as the piston moved.

The cell was also set up to perform permeability
measurements between loading stages. A constant head
permeability test was chosen, so that any decrease in flow

' rate with time could be monitored and the steady state
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permeability determined (Pollock, 1988). This would not be
possible with a falling head type of test. The constant
head was achieved using two burettes positioned horizontally
on a burette stand. The top burette was connected to the
bottom of the cell, beneath a porous plate and the bottom
burette was connected to the hose used for drainage for the
consolidation portion of the test. Upward flow was used to
ensure that no consolidation of the sample occurred during
permeability testing. A clamp attached to the loading frame
and piston rod was also used to ensure that the piston did
not move during the permeability stage. The drawback of
this setup was that only small gradients could be achieved,
as the gradients were limited by the height that the

manometers could be raised.

3.2.2.2 Constant Rate of Deformation Consolidation
Apparatus

Two different sets of equipment were used for the
constant rate of deformation tests. The first cell used for
these tests is shown in Figure 3.5. The cylinder portion of
the cell was made from the same size PVC as the standpipes
described in section 4.2.1. Four pressure transducers were
connected to ports along the side of the cell. The bottom
port was beneath a porous stone at the base of the cell.
The total stress was measured at the base of the piston
using an earth pressure cell. An LVDT connected to the

piston rod was used to measure travel. The cell was placed
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in a load frame and the constant rate of deformation loading
was provided by an air cylinder in a loading frame sending
hydraulic oil at a constant rate to a second air cylinder on
top of the loading frame. The equipment was set up in a
coldroom maintained at 2 degrees Celsius. The data was
recorded at pre-set times on a Fluke datalogger in the
laboratory. The details and calibrations of the sensors are
in Appendix A.

After four tests were attempted with this setup, it was
abandoned due to problems with water leaking past the
piston. A combination of low friction with an effective
seal was not found for this setup, possibly due to scoring
of the PVC by the sand grains in the tailings.

The replacement cell used for the final constant rate
of deformation tests was identical to the cell used for the
step loading tests, except that the permeability portion was
not included and the top drainage was allowed to drain into
a graduated cylinder (Fig. 3.6). It was found that air in
the system, either from leaks in the drainage line or gas or
air escaping from the sample made it too difficult to drain
into a burette. Thus the hydrostatic pressure on the sample
was to the top of the cylinder, where the water level in the
drainage hose remained during the test.

The constant rate of deformation was achieved by
placing the cell in a Tritest 50 (Engineering Laboratory
Equipment Ltd.) loading frame. The load was measured using

a 900 kg load cell between the piston rod and the top of the
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frame. The deformation was measured with a 15 cm travel
LVDT and the pore pressure at the base of the cell with a 35
kPa Validyne pressure transducer (see Appendix A for
details). The information was recorded on a datalogger in

the laboratory once every two hours.

3.3 Procedure
3.2.1 Tailings and Flocculant Preparation

The tailings were prepared for testing in the shorter
PVC standpipes by dividing a barrel of tailings into five
portions. This resulted in five standpipes 40 to 55 cm in
height. The barrel was divided equally by removing thin
layers and dividing into five portions by weight. The fine
tails zone at the top of the barrel was siphoned off and
mixed before dividing. The sand at the bottom of the bharrel
was well compacted by the vibration of travel and had to be
removed using a shovel. The results will show that the
dividing process was generally adequate in obtaining mixes
with similar average void ratios. The tailings used for the
consolidation tests were first prepared and mixed in the PVC
standpipes and then poured into the consolidation cells.

The tailings were mixed in the standpipes using a blade
mixer on a variable speed drill (Fig. 3.7). (This type of
mixing blade has a small area of contact with the mixture
and requires high velocities to mix and thus is a high shear
type of mixer). This impeller was used as it was able to

| stir the sand at the bottom of the barrel into suspension



Figure 3.7 Blade Mixer
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without undue load on the drill. A conventional blade
impeller would be more efficient for mixing, but would be
very hard on the drill while getting the sand in suspension.
The tailings were mixed for five minutes to get the sand in
suspension before adding the flocculant.

The 1 litre samples were prepared on a volume basis by
adding 55 % sand and 45 % fine tails to a cylinder and
verifying the average void ratio using the weight and volume
of tailings. A void ratio range of 0.1 was obtained between
all tests. This method likely results in some variation in
grain size between tests, -ut was a#dequate here since these
were only preliminary tests and all samples came from the
same pail of tailings. The tailings were mixed at first
with a 4 litre soil mixer, but this was found to add a
considerable amount of air to the sample. The final 1 litre
tests were mixed with a vane shear blade on a variable speed
drill. This was found to add less air, but since the
samples were so small it was difficult not to entrain some
air, as the blade had to be turned very slowly.

The tailings for the 1.9 m standpipes were mixed
directly in the barrel using a 15 cm diameter ice auger. It
was decided that this would be the easiest method of mixing
a whole barrel at once. This was required as the tall
standpipes hold four-fifths of a barrel. The ice auger was
found to be an excellent method of mixing tailings, as the
tailings appeared to flocculate immediately when the

flocculant was added and it did not appear to add air to the
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mix. The drawbacks are that it requires at least two people
and a fair amount of physical exertiom to get the sand in
suspension and then hold the auger up while the tailings are
mixing.

This was also the method used to mix the tailings in
the barrels to take samples for the initial tailings
properties. The tailings were completely mixed, with all
sand in suspension, and then three samples were scooped from
the centre of each barrel while mixing continued. The
properties of the tailings are presented in section 3.4,
where the tailings are described.

The lime and polymer were added to the tailings in
proportions based on the dry weight of the quick lime (CaO)
or polymer as a fraction of the total weight of the
tailings. The sulphuric acid was added in proportions based
on the volume of acid in ml as a fraction of the total
volume of tailings in litres. Although this is not
necessarily the best way to judge how much flocculant to
use, this has generally been the convention in the earlier
work done. A method of proportioning the amount of
flocculant based on the proportion of solids or clays in the
sample or the zeta potential of the tailings would likely
give more consistent results.

The lime was prepared for adding to the tailings by
slaking the dry quicklime in distilled water. The quick
lime reacts with the distilled water to form hydrated lime

by the following equation:
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Ca0 + H0 <--> Ca(OHy) + heat

The lime is hydrated before addition to the tailings as
it ionizes more readily in water into Ca2* and OH™ ions
(Boynton, 1980). The calcium ions are what cause the clays
to flocculate as described in section 2.4. Distilled water
is used here so that any unwanted ions from Edmonton tap
water are not included. The gquality of the water used for
preparation of hydrated lime (in terms of lime
contamination) is generally not a problem unless the water
contains more than 500 mg/l1 of sulphite, sulphate or
bisulphite ions (Boynton, 1980).

The hydrated lime is prepared in a manner to keep the
particle size to a minimum so that it will release the
calcium ions more easily upon mixing with the tailings.
This is achieved by ensuring rapid hydration. Rapid
hydration occurs when there is sufficient water for
reaction, the solution is mixed and the temperature is
maintained in the range of 80 to 100 degrees Celsius. The
exact slaking procedure will depend upon the quicklime used
and thus the manufacturers recommendations for slaking
should be followed (Boynton, 1980).

The procedure used for the test program was to add 3:1
water to lime by weight to obtain temperatures in the
required range and to mix periodically by hand for a period

of about ten minutes. After the reaction was complete and
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the temperatures had dropped, excess water was added to
obtain a 10:1 water to lime ratio or a milk-of-lime mixture.
Milk-of-lime is used as it will pour easily and is thus more
convenient to mix with the tailings. The lime is slaked at
least 30 minutes before use to ensure the slaking process is
complete.

It is also noted that quick lime will slake in air due
to moisture in the air and also after slaking will react
with CO; ir the air to form CaCO;. This contaminates the
quick lime and should be avoided by ensuring the product is
sealed at all times. The hydration reaction is also a very
explosive reaction if an amount of water approximately the
same weight as the lime is added to the lime. The heat of
reaction has been high enough to cause wood to burn. This
means that quick lime should be stored where water will not
be able to react with it. The hydrated lime mixture is also
a corrosive base and should not come in contact with skin.

The acrylamide polymers come in either a dry crystal
form or as a thick liquid. Cyanamid A-110 is a dry crystal.
The polymer was mixed with distilled water at the
concentration of 1 gram per litre, resulting in a viscous
fluid. A large amount of water is required to allow the
very long polymer molecules to expand and thus separate from
each other. This allows them to be mixed into the tailings
more easily. The polymer was mixed with water 24 hours

before use and was not used if it had been mixed with water
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for more than 30 days as it tends to break down with longer
residence tinmes.

The >nly preparation required for sulphuric acid was to
prepare a 10 percent solution from concentrated acid, as the
10 percent acid is not nearly ar dangerous to handle as
concentrated acid. The results ire all based on 10 percent
acid.

The hydrated lime or acid was poured into the tailings
mixture being careful to not allow the lime or acid to be
trapped in any surface bitumen. The tailings were then
mixed for the required time. If polymer was added after
lime addition, it was added for the last 30 seconds of
mixing, as it is believed that longer mixing times will
break up the long polymer chains, negating their
effectiveness. The mixer speed was adjusted to just keep
all of the tailings mixing, in an effort to keep mixing
conditions uniform. It was found that the more the mixture
was flocculated, the faster it had to be mixed due to the
higher viscosity of the tailings. The viscosity of the
tailings was not measured, thus the mixing energy was not
calculated. The effect of mixing energy on the
sedimentation and consolidation characteristics of the
tailings is something that will have to be explored in

further research.
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3.3.2 Standpipe Tests

After mixing, the tailings were then allowed to settle
undisturbed in the standpipes. With time, a clear
supernatant appeared on the surface and the settlement of
the tailings-supernatant interface was measured with a steel
tape and recorded with the time since mixing stopped.
Readings were taken frequently for the first two days and
then only once a day for the remainder of the test. The
average void ratio was calculated from the interface
settlement curve and a void ratio versus time plot made.

The manometers for the 2m standpipes were measured and
recorded at the same time as the interface was measured.
Plots of excess pore pressure with time for each manometer
and the excess pore pressure isochrones (pore pressure
versus height) were prepared.

At the end of the test, a water sample was collected
and the sediment was removed from the standpipe in layers so
that samples could be taken for water contents and grain
size analyses. The layers were removed by carefully
scooping them out with a ladle. The first 600 ppm 2 m
column was sampled by drawing the tailings through a hose
into a vacuum bottom, where samples were taken. This worked
well for the top high moisture content zone, but not well
for the bottom half of the sample, as the water was drawn
out before the sand. The samples from the bottom were
likely of too high moisture content because of this. The

other 2 m standpipes have not been sampled yet.
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One 2 m standpipe was loaded with the piston assembly
shown in Figure 3.3. After the self-weight consclidation of
the tailings was complete, the decant water was siphoned
from the surface except for 4 cm to saturate the piston and
reach a manometer port, where a hydrostatic reading could be
taken for excess pore pressure calculations and for
correcting the weight of the lead shot. The travel of the
piston and the manometer readings were recorded with time.
The weight of the piston assembly was used for the first
load and lead shot placed on top of the piston was used for

subsequent loads.

3.3.3 Consolidation Tests
3.3.3.1 Step Loading Consolidation Tests

The step loading tests were started after the tailings
were allowed to sediment and consolidate from their self-
weight in the test cylinder. The hindered settling and
self-weight consolidation stages were essentially complete
in two to four weeks. Pore pressure at the base and height
of the sediment-decant interface were recorded during this
stage. The supernatant was then drawn off from the sample
except for a few cm left to saturate the drainage system.
Following this, loads were applied to the sample using dead
weights. The loads started at 1.25 kPa and were doubled
from there. Each loading stage took one week to complete.
The loads were calculated to include the friction of the

piston on the cylinder wall.
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The friction was determined by applying dead loads in
increments to the piston until it started to move and then
removing the load until the piston stopped moving. It was
this lesser load that was added to the required load to get
the total load.

From the consolidation portion of the test, plots of
void ratio vs time and void ratio vs effective stress were
obtained.

The permeability component on the experiment was
performed between the loading stages. At the end of a
loadirg st:t, the piston rod was first clamped into place
to 2nsure r. =.ement during the test. The position of the
piston «:: ..iitored with the LVDT during the tests and no
movement was recorded. The top burette, that was connected
to the base of the cell, was filled and connected to the
hose, ensuring no air bubbles could be seen. The bottom
burette was emptied and connected to the water filled hose
such that a small dount of water entered into the burette.
The vertical distance between the burettes was then adjusted
to obtain the desired hydraulic gradient. Applied heads of
just less than the previously applied pressures were used
for the smaller loads unless this was not physically
possible and then the largest head possible with the setup
was used (80 cm). Heads less than the previous
consolidation pressure were used to ensure that the
permeability measurements did not affect the consolidation

characteristics of the tailings.
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The positions of the menisci in the burettes were then
recorded and the valves opened to allow the water to flow.
The amount of flow with time was recorded for both burettes
and the average used for calculations. The test was stopped
when the top burette was empty. The bottom valve was then
closed, the bottom burette positioned for the consolidation
experiment, the piston clamp removed and the next load
applied. The result of the permeability test is a plot of
void ratio versus hydraulic conductivity, along with the
flow rate versus time plot.

At the end of the test, the sediment was sampled in
five layers in the same manner as the standpipe tests. The

samples were analysed for water content and fines content.

3.3.3.2 Constant Rate of Deformation Consolidation Tests
The constant rate of deformation tests were started
after the hindered settling stage and the first part of the
self-weight consolidation stage were complete. This
required anywhere from three to ten days. The decant was
siphoned off, except for two cm to saturate the drainage
system. The piston was inserted into the cell and the
samples were then loaded at a constant rate of deformation
of 0.003 mm/min. The test was allowed to run until an
effective stress of 100 to 200 kPa was reached. The average
void ratio was determined from the displacement of the
piston. The effective stress was calculated using the

'methods of Smith and Wahls (1969), Wissa et al (1971) and
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Umehara and Zen (1980) as discussed in section 2.6.3. The
total stress was calculated from the load on the piston
(minus the friction determined in the previous section) in
KN divided by the area of the piston in m2. A drawback of
this equipment is that there is no measurement of total
stwess at the base of the cell, and thus no way of knowing
the amount of friction between the sediment and the cylinder
wall. It was assumed to be negligible here, since it was
not measured, but could be significant above stresses of 20
kPa, as measured by Pollock (1988). The effect of the
friction, if not measured, would be to underestimate the

amount of consolidation for a particular effective stress.

2.4 Tailings Properties

Two batches of total tailings were used for the testing
program. The first batch was six barrels of tailings that
were sampled during a field test of lime-spiked tailings by
Syncrude. The limed tailings were produced by injection of
lime slurry into the tailings pipeline at a rate of 1200 ppm
Ca(OH), based on total weight of the tailings. This
represents 900 ppr CaO if the lime was ccmpletely hydrated.
The barrels were filled after the limed tailings travelled
through approximately 800 m of pipeline and an in-line
booster pump. This represents about six minutes of mixing
in the pipeline after lime injection. With the non-uniforn

nature of the tailings stream and the lime injection
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process, the exact amount of lime in the barrels was not
certain, but was assumed to be 900 ppm CaO.

After arrival in Edmonton, the tailings had to be
thoroughly mixed to extract them through the bung holes on
top of the original barrels. The tailings then sat in new
barrels until they were required for testing. It was
observed that the tailings segregated into three zones after
sitting in the barrels for a few months. The bottom zone
consisted of mostly sand, the middle zone of mostly fines
and the top zone of clear water. This is similar to the
segregation observed at the Syncrude Mildred Lake tailings
pond for untreated tailings. The conclusion from this is
that the lime effect on the tailings had been destroyed by
the mixing required to extract tha tailings from the
original barrels. These tailings were used for preliminary
tests only as the fate of the original lime was not
determined. The original dose of lime could have had an
effect on the water chemistry of these samples as well as an
effect on the sedimentation and consolidation tests.

The second batch of tailings was sampled directly from
the plant five tailings line and did not have lime added.
This batch was used for all final tests and the results
compared to the results from the original batch. These
tailings were first analysed to determine their initial
properties before testing. These were water content,
specific gravity, bitumen content, grain size and

supernatant chemistry.
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Table 3.1 lists the initial properties of the tailings,
except the supernatant chemistry which is presented in
section 4.3. The tailings are very similar except that the
batch #1 tailings show a lower initial solids content and a
wider range of solids contents between barrels. The
properties of batch #2 tailings are remarkably uniform
between barrels. The batch #2 tailings are typical of the
average tailings stream, in terms of solids content and
grain size, while the batch #1 tailings are closer to the
lower end of the solids content range of the tailings
streamn.

Specific gravity was determined according to ASTM D854
methods, using partial vacuum to de-air the samples.
Several samples were also de-aired by boiling and similar
results were found. The bitumen content was determined
using the modified method 2.7 "Determination of Bitumen,
Water and Solids Content of 0il Sands" from Syncrude (1979).
Toluene is filtered through the sample to extract the
bitumen.

Figure 3.8 shows typical grain size curves for tailings
batch #1, from both sieve and hydrometer. Figure 3.9 shows
the grain size curves for the 18 initial samples taken from
the six barrels from batch #2. Figure 3.10 shows the
complete grain size for three of these initial samples, from
both hydrometer and sieve. The grain size curves are all

very similar, with about a 5 percent range for any
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Initial Properties of Tailings
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Tailings Batch #1

Tailings Batch #2

Initial

Solids Content

range

average

42.5 % to 49.7 %

46.4 %

53.2 % to 54.2 %

53.8 %

% Fines (<#325)

range 16.9 % to 19.4 % 15.3 % to 18.9 %
average 18.2 % 16.8 %
D50 (mm) 0.11 to 0.12 0.11 to 0.12
Specific
Gravity 2.67 2.64
Bitumen Content
(% of dry Wt.) 0.73 % 0.64 %
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particular grain size. This is more obvious for the fine
sand-silt portion of the curve since it flattens out here.

Most of the initial grain size analyses were performed
using sieves, with some hydrometers to verify the silt
portion of the curve. For this research, the amount of
fines based on the #325 sieve (0.044 mm) was selected to be
the criterion for determining the amount of segregation of a
mix. Thus, for the final samples téken from the tests, a
complete grain size analysis was not performed, as the
amount passing through a #325 wash sieve was sufficient to
analyse the success of ths test.

The sieve analyses were performed by first drying the
material to get a dry weigi:t, then soaking in water for 24
hours and mixing in a mixer for five minutes to break up the
fines. The material was then washed through a #325 sieve,
the retained material dried and weighed and then a stacked
sieve used to obtain the sand grain size distribution. It
was found that bitumen was not a problem for sieving, likely
due to the small amount present and was found to clump up
and be included with the coarser sand particles. No
significant amount of fines could be seen with the bitumen
lumps.

The preparation for the hydrometer samples was the same
as for the sieve tests. The hydrometers performed on batch
#1 tailings were of the minus #200 sample, while for batch
#2 tailings, they were on the complete sample. The results

are similar for the silt portion of the curve, but show a
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difference for the clay portion. The reason the results are
similar is likely because most of the sand portion falls out
of suspension in the first minute before the first reading
is taken. The major effect is that a smaller than
recommended sample of the fines is being tested, since most
of the weight is in the sands.

Table 3.2 lists the tests performed on batch #1
tailings and Table 3.3 lists the tests performed on batch #2
tailings, with the overall results of the tests. The tests
listed are the standpipe tests performed, and where CLT or
CRD is shown in the test column, a step-load consolidation
or constant rate of deformation test was performed after the

standpipe test was complete.



Table 3.2 Tests Performed on Tailings Batch #1

Test Ca0 A-110 Initial Final Length
(ppm) (ppm) Void Ratio| Void Ratio| of Test
(hours)
Barrel #1
(a) 200 - 3.13 segreg. 2800
(b) 400 - 3.13 1.16 2800
(c) 600 - 3.13 1.32 2800
(d) 1600 - 3.13 1.65 2800
(e) 3200 - 3.13 1.61 2800
Barrel #2
SLT (a) 600 - 3.14 1.19 305
(b) 600 6 2.91 0.9 1038
(c) 600 6 2.89 0.95 1008
(d) 600 6 2.89 0.95 988
Barrel #3
(a) 600 - 2.94 1.04 1780
CRD (b) 600 - 3.23 1.38 45]
(c) 600 6 2.97 1.11 1780
Barrel #4
CRD (a) 600 - 2.59 1.4 314
Barrel #4,#5
(a) 600 6 2.94 1.66 242
(b) 600 6 2.94 1.56 242
(c) 600 6 2.94 1.55 242
Barrel #5
(a) 600 - 3.72 1.9 335
(b) 600 - 3.78 1.94 335
(c) 600 - 3.48 1.79 335
(d) 600 - 3.35 1.68 335




Table 3.3 Tests Performed on Tailings Batch #2
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Test

Ca0 A-110 Initial Final Length
(ppm) (ppm) Void Ratio| Void Ratio| of Test
(hours)
Barrel #1
(a) 400 - 2.39 segreg. 2230
(b) 600 - 2.25 0.88 2230
(c) 800 - 2.31 0.89 2230
(d) 1200 - 2.23 0.94 2230
(e) 1600 - 2.3 0.97 2230
Barrel #2
(a) 800 3 2.31 0.92 2110
(b) 800 6 2.21 0.87 2110
(c) 800 12 2.2% 0.93 2110
CRD 860 - 2.25 1.09 a7
CRD 600 - 2.28 1.29 241
Barrel #3
2m 800 - 2.24 0.88 1248
CRD 800 - 2.24 1.01 126
SLT 800 - 2.24 0.91 244
Barrel #4
2m 600 - 2.25 1.05 (seg) 1080
477 m 600 - 2.25 0.88 1250
Barrel #5
2m 600 - 2.33 1.05 (seg) 1464
.56 m 600 - 2.33 0.94 960
Barrel #6 | H2S04 m1/1
(a) 1.5 - 2.31 1.18 600
(b) 10 - 2.3 1.02 600
(d) 12.5 - 2.37 1.31 600
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4. Test Results

The test results are presented in two sections, one for
each batch of tailings. For each, the standpipe results are
presented first, followed by the consolidation results. The
water chemistry results are presented at the end in section

4.3.

4.1 Tailings Batch #1
4.1.1 Standpipe Tests

The first five standpipe tests performed on tailings
batch #1 were to determine the optimum lime content in terms
of sedimentation rate, consolidation rate and average void
ratio after self-weight consolidation. Concentrations of
Ca0 of 200, 400, 800, 1600 and 3200 ppm based on total
weight of the tailings were used. The results in terms of
average void ratio versus time are plotted in Figures 4.1
and 4.2. Figure 4.1 shows the first 300 hours of the tasts
and Figure 4.2 shows the complete duration of the tests up
to 3000 hours. It is emphasized that the plots are in terms
of average void ratio and that the void ratio will vary non-
linearly through the sample and will generally be much
higher at the top of the sample.

The column containing 200 ppm Ca0 segregated indicating
an insufficient amount of lime to cause enough aggregation
of the clays to keep the sand particles from falling to the
base of the cylinder. A sand layer could be felt with a
steel tape about half way down the cylinder, whereas in the



3.5

2.75

2.5

Average

Void Rat:ioz'25

1.75

1.25

0.415 m initial height

200 ppm - segregated

—®—— 400 ppm
—*— 800 ppm

~ —*— 1600 ppm

i

| T 3200 ppm :

Time (hours)

Figure 4.1 Tailings Batch #1 - Variable Lime Content
Standpipe Tests to 300 Hours

78

0 50 100 150 200 250 300



79

3.5
0.415 m initial height
3025 il )
200 ppm - segregated
3 4
| —8— 400 ppm
r
2.75 ‘i ¢ —— 800 ppr
. —-— 1600 ppm
. i
2.5 ¢ ' ——3200 ppm |
Average
Void Ratioz'25
2
1.75
1.5
1.25
1l - ‘ ™

0 500 1000 1500 2000 2500 3000
Time (hours)

Figure 4.2 Tailings Batch #1 - Variable Lime Content
Standpipe Tests to 3000 Hours



80

other cylinders no change in density could be felt with a
tape for the full height of the cylinder. It was also
observed that a layer of bitumen formed on the surface of
the 200 ppm test and no clear water appeared on the surface,
below the bitumen, until a week had passed. The bitumen in
the other tests was trapped in the sediment and only a sheen
of hydrocarbon on the surface was observed.

The plots show that the 1600 and 3200 ppm Ca0 mixes
sedimented more rapidly but that the average void ratio
after self-weight consolidation was much less than the 800
and 400 ppm CaO mixes. The results also show that the 400
ppm mix sedimented and consolidated to a significantly lower
average void ratio than the 800 ppm mix.

The moisture content profiles for the four non-
segregating mixes are shown in Figure 4.3. The data is
limited, but shows a trend of increasing water content with
increasing lime content, and a layer of higher water content
tailings on top of the sediment for the 400 and 3200 ﬁpm
tests. The observations during the sampling were that the
3200 ppm test, and to a lesser degree the 1600 ppm test,
were stiffer and harder to pour than the 400 and 800 ppm
samples, even though their water contents were higher. The
800 ppm, 1600 ppm and 3200 ppm tests also showed an off
white crust on the surface of the water after the samples
had been sitting for a few weeks. This crust was removed

and found to react with 10 % hydrochloric acid in the
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carbonate likely formed by the reaction of hydrated lime

with bicarbonate in the tailings water by the reaction:

Ca(OH) + HCO3~ =---> CaCo + OH™ + H,0
2 3 3 2

This will be discussed further when the water chemistry
is reviewed in section 4.3.

The results of the first set of tests seem to indicate
that there is an optimum lime concentration in terms of
settling and self-weight properties of the tailings. Too
low lime concentration results in insufficient flocculation
of the clays and too high lime concentration results in a
clay floc structure that is too strong in that it resists
the self-weight consolidation of the tailings.

From the results of these tests and the results of
similar tests by other workers (C~H Synfuels, (1984), Fuhr
and Liu, (1981), Fuhr, Sanford and Lemke, (1982) and Liu,
Lane and Cymbalisty, (1980)), an optimum lime concentration
of 600 ppm was chosen for further work on the first batch of
tailings.

The next set of standpipe tests performed on the first
batch of tailings are eight tests with 600 ppm CaO. These
were performed in either the 0.6 m PVC cylinders or in the
stainless steel cylinders. The ones performed in the steel
cylinders were the self-weight stages of the consolidation

tests. The plot of average void ratio versus time for all

Fha +tacke i ehatm in Dimiva 4 4
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What is immediately obvicus from looking at the piot is
the wide variation in final void ratio between tests. This
variation is likely due to several reasons, including the
large variation in initial void ratio, the original lime
added by Syncrude, the clay content of the samples and the
mixing conditions.

The widest variation between samples appears to be
dependent on the barrel that the sample came from. The
fines content measurements after settlement (Fig. 4.6) show
that the barrel #5 tailings partially segregated, likely due
to the lower initial solids content (41% - 44%) of this
barrel compared to the other barrels (46% -50%). The
moisture content after self-weight consolidation plot (Fig.
4.5) also shows the barrel #5 tests to have a much higher
overall water content, as well as a much higher water
content at the top. The consolidatiocn test samples were not
analysed for water content or fines content as the samples
were consolidated following the standpipe test.

The barrel #5 tests may indicate a lower boundary in
terms of solids content where flocculating the clays by
adding lime is insufficient to stop segregation (at least
for lime concentrations of 600 ppm). More testing is
required to further prove this hypothesis.

The chemical analysis of the decant (Table 4.2 -
discussed in section 4.3) also shows that the barrel #5

samples had higher pH and OH~ levels compared to the barrel

- - —————— - .  Sa _ o aa - - - PP S a » —
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tests also had a skim of CaCO; on the surface. This
indicates that a significant amount of lime was used in the
reaction with the bicarbonate in the water. Further testing
is required to determine if better sedimentation and
consolidation characteristics can be achieved with the lower
solids content tailirgs.

The barrel #5 tests were to study mixing time, but
since the samples segregated, the effect of mixing time
cannot be determined.

The scatter between the other 600 ppm tests is possibly
a result of the very small effective stresses present, where
small changes in properties such as floc strength can
significantly change the settled void ratio.

The next set of tests examine the effect of the polymer
Cyanamid A-110 combined with lime on the settlement and
self-weight consolidation of the tailings. The average void
ratio versus time plot for the seven tests performed is
shown in Figure 4.7. The tests labelled barrel #4,5 are of
tailings from barrel #4 and barrel #5 combined. All tests
contain 60® ppm lime, with concentrations of 3 to 12 ppm
A-110 as shown in the figure.

The results again show a scatter with the tailings from
barrel #4 and #5 combined showing a higher final void ratio,
although the tests were cut short to begin testing on
tailings from batch #2. The combined tailings had an
initial solids content very similar to the other tests from
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fines content profiles (Fig. 4.9) or water content profiles
(Fig. 4.8). The barrel #4 and #5 tests showed a CaCO3 crust
and higher pH similar to the 1600 and 3200 ppm tests,
indicating an excess of lime in the supernatant fluid.

These tests also had a slightly higher fines content than
average (19-20%). This could result in a floc structure
strong enough to resist the low effective stresses generated
at these small thicknesses. It is possible that this
structure would break down with time or with a slightly
higher effective stress as discussed in section 4.2.1. This
is indicated by the initial height of the tests, as shown in
Figure 4.7. The barrel #2 tests were 10 cm higher than the
barrel #4,#5 tests, possibly resulting in enough effective
stress to collapse the structure. The barrel #3 it
appears to be just at the borderline, as it displays a non-
uniferm consolidation rate.

The polymer was found to be difficult to mix as it
tended to want to float to the surface and cling to the
mixing rod. This was complicated by the assumption that the
long polymer chains would break apart with the prolonged
mixing that would be required to completely mix the polymer
with the tailings.

The overall conclusion is that A-110 does result in a
sligatly lower average void ratio when used with 600 ppm
lirze, but certainly not enough to justify the extra cost.

It is possible that A-110 would give better results with
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lower concentrations of lime and this will be determined for

batch #2 tailings.

4.1.2 Consolidation Test Results
4.1.2.1 Step Load Consolidation Test Results

Oone step load slurry consolidation test was performed
on batch #1 tailings. It was performed on tailings with 600
ppm Ca0 added based on total weight. The average void ratio
versus time plot for the self-weight consolidation and step
loads is shown in Figure 4.10. The individual void ratio -
effective stress plots are in Appendix B (Fig. B.1l to B.6).
It is interesting to note that the strain due to the sample
self-weight is much larger than the strains due to the
applied loads. The strains also become smaller with each
successive load, which can be seen on the void-ratio
effective stress curve in Figure 4.11 where the curve
dramatically flattens out around an average void ratio of
0.8. This is deduced to be the point at which sand grains
begin to come in contact. This agrees with the slurry
properties diagram for oil sand tailings (Fig. 4.12, from
Scott and Cymerman, 1984) which shows for 18 % fines a sand
matrix occurs at 78 % solids or a void ratio of 0.75.

The individual plots show that the curves had not
completely levelled off for some of the loads. This is also
exaggerated by the narrow shape of the plots. Since a

limited amount of time was available for the testing
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each load, even though consolidation was not quite complete
for some of the loads. This is further complicated by the
large amount of secondary consolidation that appears to
occur here.

The excess pore pressures at the base of the cell are
plotted for each load increment in Appendix C (Fig. C.1 to
C.6). The plots show that generally an initial excess pore
pressure equal to the change in total stress occurs within
the first hour, followed by a rapid decrease in the pore
pressure to levels of 10 to 20 % of the change in total
stress. The observation that the pore pressures dissipate
faster than the void ratios level off indicates that a
significant portion of the consolidation is due to secondary
compression. This would also be the reason that the void
ratio - effective stress curves were not levelling off with
time, as they were following a secondary compression line.

Permeability was not measured between the loading
stages, as was done for the constant load test for batch #2

tailings.

4.1.2.2 Constant Rate of Deformation Consolidation Test
Results

Several constant rate of strain tests were attempted on
tailings from batch #1, but due to equipment problems only
one test was completed. This again was performed on

tailinas with 600 nom Ca0 hv total weiaht added. The



97

completely seal in the large cylinder and most of the
drainage came from around the edge of the piston. The
smaller stainless steel cylinder which did not leak was used
for tailings batch #2 tests and the results will be compared
when those tests are discussed in section 4.2.2.2.

The methods of Smith and Wahls (1969) (non-linear) and
Wissa et al (1971) were used to analyse the test. The
method of Umehara and Zen (1980) was tried and found
unacceptable, as the charts included with the method do not
work when the initial void ratio is not uniform. The
average void ratio versus effective stress from the first
two methods is shown in Figure 4.13 and again shows a
flattening of the curve at a void ratio about 0.8. The two
curves of the Smith and Wahls (1971) analysis cover the
possible range of the constant b/r. The plot shows that the
three analyses result in approximately the same curve.

The void ratios for the same effective stress are
somewhat higher for the constant rate test, possibly due to
rate effects or secondary consolidation in the step load
test. The plot shows that the tailings collapse with
stresses of 1-2 kPa until a void ratio of 0.9 is reached.

For the portion of the test above a void ratio of 0.8,
it is noted that the excess pore pressure at the base of the
sample (Fig. C.7) ranged well above the recommended 3-20 %
by ASTM D4186 for constant strain rate tests or the

vanAammandadian AFf Cmidh and Wehle 710£0% Shadk nAana neansiiwmas
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pressure increased approximately linearly with the total
stress as though the material behaved as a fluid. This
would tend to make the results of the experiment suspect.
Lower strain rates were used for the tests on batch #2
tailings, to determine if the material can be consolidated

without the large excess pore pressures.

4.1.3 Summary of Tailings Batch #1 Tests

The results for batch #1 tailings are quite scattered.
This is likely due to two reasons: 1) the variability of the
initial solids content between tests, 2) the magnitude of
the self-weight of the samples and 3) the effect of the lime
initially added by Syncrude.

There is an optimum lime content, in terms of standpipe
tests, of about 600 ppm CaO by total weight for a 48 %
solids content tailings. This may have to be increased for
lower solids contents (below 45 %) or 45 % solids is a lower
limit to the effectiveness of lime to limit segregation. An
average void ratioc after self-weight consolidation of 1.1 to
1.2 is obtainable with a solids content of 48 % for a 0.45 m
initial thickness deposit.

The polymer A-110 does not appear to greatly enhance
the settlement and consolidation characteristics of the
tailings and has mixing problenms.

The consolidation curves show that the flocculated

+ailinoe will enllanca with affarntive ctracecae Af Anlu 1 +n
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structure is reached the effective stress for a change in
void ratio then rises rapidly, although significant changes
in void ratio could occur for longer time periods at

constant effective stress due to secondary compression.

4.2 Tailings Batch #2
4.2.1 Standpipe Tests

The first five standpipe tests performed on the second
batch of tailings were to determine the optimum lime
concentration in terms of settling and consolidation
properties. The results are plotted in Figure 4.14. The
moisture content profiles after self-weight consolidation
are shown in Figures 4.15 and 4.16. The fines content
profiles are given in Figure 4.17. It was found that 400
ppm Ca0 is insufficient to stop segregatien of the tailings.
As can be seen on the moisture content and fines content
profiles for the 400 ppm test, there are definite sand and
sludge layers formed, with much less fines trapped in the
sand layer. It is interesting to note that although all
four tests took different paths to get there, they all
finished self-weight consolidation with very similar average
void ratios (0.9 - 1.0). The moisture content and fines
content profiles are also very similar except the 1200 and
1600 tests showed a slight increase in fines content at the

top of the samples.
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1600 ppm tests from batch #2 all end with a similar final
average void ratio as opposed to the large range in void
ratio of batch #1 tailings. The second is that the second
batch of tailings also consolidate to a lower average void
ratio than the first batch. These differences are possibly
due to the larger self-weight of the second batch due to its
higher initial solids content and 10 cm increased thickness
of samples (0.515 m vs. 0.415 m). The average effective
stress (calculated from the buoyant unit weight of the
tailings) of the first batch is 0.7 to 1.0 kPa versus 1.25
kPa for the second batch. The original lime may have also
had an affect on the first batch, but as explained earlier
this cannot be quantified.

This difference in effective stress may also account
for the "collapsing" of the structure causing the 1200 and
1600 ppm samples to further consolidate after it appeared
that consolidation was over. This is also seen to some
degree in the 800 ppm sample from the first batch.

It was decided that the optimum lime content for these
tailings in terms of standpipe tests was in the range of 600
to 800 ppm and all further tests fall within this range.
This is approximately 200 ppm higher than the first batch.
The difference is likely due to the lime originally added to
the first batch by Syncrude and the lower solids content of

Eha E1iwmod hadkah
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The second set of tests performed on the second batch
of tailings were to determine the optimum concentration of
A-110 to enhance the consolidation with 80C ppm lime. The
results show that the polymer causes the mix to settle and
consolidate more rapidly and to a slightly lower void ratio
than without A-110 and that 6 ppm appears to be the optimum
concentration with 800 ppm lime (Fig. 4.18). The moisture
content and fines content profiles (Fig. 4.19 and Figure
4.20) show the three tests to be very similar, with a slight
segregation at the top of the samples.

The benefit of A-~110 with 800 ppm Ca0O is not
significant in terms of standpipe tests. The polymer may
help to reduce segregation due to shearing but that is
beyond the scope of this thesis. It may also prove more
beneficial at lower lime concentrations, which will be
tested in the 1 litre tests described later in the section.

The next standpipe tests performed were three 2m
standpipes, one with 800 ppm and two with 600 ppm lime
concentrations added. Also included with these tests are
four tests performed in the shorter columns from the
tailings remaining after the columns were filled. The void
ratio - time plot is shown in Figure 4.21.

The 2 m 600 ppm test #1 is not included in the plot as
the tailings showed enough segregation that the interface
settlement with time could not be measured. The supernatant
was too cloudy for a light to penetrate and the surface of

the sediment was of too high a water content to feel with a
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probe. The fines content profile (Fig. 4.23) and the water
content profile (Fig. 4.22) both show the high fines, thin
solids content zone on top of the sample. It is noted that
the water and fines contents for the bottom zone are likely
too high as the sampling technique tended to draw off the
water before the sand. The pore pressure plots (Fig 4.24
and 4.25) also show a rapid decrease of pore pressure with
time as the sediment would have a higher permeability than
if the fines were equally distributed. The permeability at
the top would be higher because of the high water content
here. The permeability at the bottom would be higher due to
the lower fines content here. The problem with this is that
once another layer was placed over this one, the fines would
run away or form a low permeability zone upon consolidation,
with little shear strength. The pore pressure plots for the
800 ppm test (Fig. 4.26 and 4.27) show a much more gradual
decrease of the pore pressure with time as the consolidation
proceeded and the permeability decreased.

The reason for the segregation of the 600 ppm standpipe
is likely due to the tailings being poured into the
standpipe, possibly with enough energy (or air entrapment)
to cause segregation. Both standpipes also showed a 4 -~ 5
cm layer of foam on the surface due to air coming out of the
sample. It is believed that this air was due to the pouring
process and not the mixing process as no foam occurred on
the shorter standpipes from the same barrel. This foam

occurred for the first three to four hours until all the air
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had come out of the samples. This foam then had to be
skimmed off the surface to allow the interface height to be
measured.

A second 600 ppm 2 m standpipe was then performed, this
time attempting to place the tailings in the column with
less air entrapment. This was achieved with a pail with a
stopper in the bottom as shown in Figure 4.28. The tailings
were deposited in lifts by lowering the pail to the surface
and pulling the stopper out. The test still showed air
coming out of the sample, but not as much as the first test.
The supernatant was also cloudy although not as much and the
interface surface often had to be deduced from the distance
that the tape went to cause sediment to be stirred up. This
test also appears to have partially segregated as the pore
pressures behaved similarly to the first test (Fig. 4.29 and
4.30). This test also shows a higher settled void ratio
than the other tests, indicating the low solids content zone
on top of the sample. The two 0.5 m 600 ppm tests from the
same material as the 2 m standpipes did not segregate,
indicating that the 600 ppm concentration is very close to
the boundary of segregating and non-segregating mixes in
terms of gentle deposition.

It is also very interesting to note that the 2 m 800
ppm test settled very quickly during the hindered settling
and beginning of self-weight consclidation stages (as fast

as the 0.36 m test). It was expected that the 2 m test
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Figure 4.28 Pail with Stopper for 2 m Standpipe Tests
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would take five times longer to settle to the same void
ratio as the 0.36 m test since it is five times higher. The
results indicate that the permeability of the 2 m test was
significantly higher than the shorter test. This difference
in permeability is possibly due to channeling through the
sample which may be associated with the air coming out of
the sample. Channeling is quite common in batch thickening
experiments and often results in quite substantial increases
in permeability (Jones, 1985).

Also, the 600 ppm tests in the shorter columns from
auger mixing settle much faster than the 600 ppm test using
the blade mixer, likely due to the better mixing achieved
with the auger. The auger mixing showed immediate results
from the addition of lime, with the viscosity of the mixture
increasing such that it looked like chocolate pudding. The
600 ppm tests still settled more slowly than the 800 ppm
tests, though.

Several 1 litre tests were performed to further
investigate the use of A-110 with lime and to determine if
sulphuric acid could be used to obtain non-segregating
mixes. A suﬁmary of the tests is shown in Table 4.1. A
plot of void ratio versus time of selected lime and lime
with polymer tests is shown in Figure 4.31. The two tests
marked air on the plot are tests where the mixing process

had trapped considerable air in the tailings and shows, at



Table 4.1 Tailings Batch #2 - 1 Litre Tests
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Test Cao A-110 |Initial| Final | Duration | Comments
(ppm) (ppm) Void Void (hours)
Ratio Ratio
1 - - - segreqg. - control
2 - 6 - segreg. -
3 - 12 - segreg. -
4 - 24 - seqgreqg. -
5 300 - segreg. -
6 300 - segreg. -
7 300 12 - segreqg. -
8 300 24 2.3 1.11 430
9 450 6 2.3 1.08 360
10 450 12 2.3 1.11 360
11 600 3 2.3 1.25 430" air
12 600 2.3 1.32 430 air
13 600 12 2.3 1.27 430 air
14 800 - 2.3 1.51 430 air
15 800 - 2.3 1.01 360
H2S04 (ml/1)
16 3 - - segreg. -
17 5 - 2.3 1.71 740
18 7.5 - 2.3 1.25 740
19 7.5 - 2.31 1.3 408
20 10.5 - 2.3 1.31 740
21 10.5 - 2.3 1.25 360
22 10.5 - 2.35 1.25 408
23 10.5 - 2.36 1.44 408
24 15 - 2.26 1.31 408
25 17.5 - 2.44 1.54 408
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serves to hinder the self-weight consolidation of the
sample.

The polymer results show that with 300 ppm lime,
approximately 24 ppm A-110 is required before the mix is
non-segregating. With 450 ppm lime, 6 ppm A-110 was
sufficient to stop segregation. The polymer tests settle to
a higher void ratio than tests in the larger cylinders,
which may be due to the small diameter of the glass
cylinders or the mixing process. It was found to be more
difficult to mix the smaller samples without entraining air.

Figure 4.32 shows the results of some 1 litre tests
using sulphuric acid. The concentration of acid used is in
terms of ml of 10% H;SO4 to litres of total volume of
tailings. The same problems of air entrapment discussed
above also occurred here. Non-segregating mixes of tailings
can be achieved, but the settled void ratio appears to be
somewhat higher than for lime flocculated tailings. A range
of 7.5 ml/1 to 12.5 ml/1 was chosen as an optimum range for
further larger scale tests in the PVC standpipes.

Three 0.5 m standpipe tests with sulphuric acid are
shown in Figure 4.33. Concentrations of 10% acid of 7.5,
10, and 12.5 ml/1 were used. The plot shows that the 7.5
and 10 ml/1 tests behaved very similarly to the 600 and 800

ppm Ca0 tests in Figure 4.14, respectively, although the
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acid tests is that the acid tends to break the emulsion
formed by NaOH and bitumen in the tailings as indicated in
the patent by Behan and Vendrinsky (1976). This results in a
considerable amount of bitumen and froth on the surface of
the supernatant, as oppcsed to the lime tests, where only a
sheen of o0il was observed. This froth had to skimmed from
the sample to observe the interface height.

The moisture content profile in Figure 4.34 and the
fines content profile in Figure 4.35 show that the 7.5 and
10 ml/1 tests resulted in very similar material, with no
significant segregation observed. It is interesting to note
that the 12.5 ml/1 test showed a significant amount of
segregation, which would explain why it did not settle to as
low a void ratio as the other tests. It is not certain why
this occurred, since only one test was performed at this
concentration.

The addition of the acid results in an immediate
reduction in the pH of the tailings, followed by a gradual
recovery in pH as the tailings were mixed and then allowed
to settle. 7.5 ml/l of acid drops the pH to about 5.5 and
then it recovers to approximately 7.7 with time. The
corresponding numbers for 10 ml/l and 12.5 ml/l are 4.0 to
7.3 and 3.0 to 6.0, respectively. This results in tailings

that have a lower pH than the original tailings, as opposed
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4.2.2 Consolidation Test Results
4.2.2.1 Step Loading Consolidation Tests

One step load slurry consolidation test was
performed on the batch #2 tailings. It was performed on
tailings with 800 ppm Ca0 added based on total weight. The
average void ratio versus time plot for the self-weight
consolidation and step loads is shown in Figure 4.36. The
individual plots for each load are in Figures B.7 to B.14.
The plot is quite similar to the same plot for the test on
batch #1 tailings. The largest difference is the lower void
ratio obtained after self-weight consolidation for the batch
#2 tailings. The void ratio - effective stress plot in
Figure 4.37 is almost identical to the plot for the batch #1
tailings.

The excess pore pressure plots for each load step are
presented in Figures C.8 to C.14. The plots are similar to
the plots for batch #1 tailings, showing a rapid decrease in
pore pressure, likely indicating a significant amount of
secondary compression. The plots for the 40 and 80 kPa
loads, also show an excess pressure less than the increase
in load, indicating that friction along the cylinder walls
was beginning to build. The other load steps showed an
initial excess pore pressure close to the increase in load.

The results from the peraseability portion of the
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indicate that the permeability of the tailings is
independent of the floc structure once a sand structure
forms and is only dependent on the amount of fines and sand
present. In other words, the same permeability relationship
can be used for any tailings of a certain fines content,
independent of the floc structure, once the material is
below a void ratio of about 1.0. The permeability of the

tailings will be discussed further in section 5.

4.2.2.2 Constant Rate of Deformation Consolidation Test
Results

Three constant rate of deformation tests were performed
on batch #2 tailings, two with 800 ppm Ca0 and one with 600
ppm CaC. The methods of Smith and Wahls (1969) and Wissa et
al (1971) were again used. The void ratio - effective
stress plots are shown in Figures 4.39, 4,40 and 4.41,
respectively. The plots all show similar trends, although
there is some range to the data. The three methods again
result in curves that are very similar.

Figure 4.42 shows the results of all six consolidation
tests performed here, along with the result from Pollock
(1988) on an 80 % sand - sludge mixture. The constant rate
of deformation curves are from the method ¥.3sa et al
(1971). The constant load tests plot in about the centre of
the results, while the data from Pollock plot near the

bottom of the range of tests.
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The excess pore pressure plots for the three tests are
in Figures C.15 to C.17. They show a sharp increase in
eXcess pressure at the start of the test, followed by a
gradual decline at higher total stresses. The excess pore
pressure as a fraction of the total stress is plotted versus
void ratio for the three tests in Fiqures C.18 to C.20.

They show that the excess pore pressures are much larger
than recommended, even though much smaller strain rates than
the test on batch #1 tailings were used (the tests lasted
from 7 to 14 days). It appears that to maintain excess
pressures in the required range of 3 to 20 percent, the test
would have to be performed almost as slowly as a step load

test.

4.2.3 Summary of Results

The results of the batch #2 tailings are much more
consistent than for the first batch. An optimum lime
content in terms of standpipe tests is in the range of 600
to 800 Ca0O by total weight. This results in a void ratio
after self-weight consolidation of 0.9 to 1.0. The polymer
A-110 was found to help mixes with lower concentrations of
lime from segregating, but does not substantially help the
self-weight consolidation of higher lime concentration
mixes. The substantial added cost of the polymer would
likely only be justified if it prevented segregation due to

shearing during mixing or deposition, research not included

ivm Khio sodinde
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4.3 Water Chemistry Results

The chemistry of the supernatant of selected tests was
measured for selected properties by Norwest Labs, Edmonton.
The results for Batch #1 are in Table 4.2 s~d for Batch #2
are Table 4.3. The results of similar tests from C-H
Synfuels, 1984 are presented in Table 4.4. It is noted that
the samples were taken at the end of the tests and the
chemistry of the supernatant may have changed while it was
sitting in the standpipe. The raw sample from batch #2 was
from a barrel that had sat in the laboratory long enough for
a clear water portion to form on top of the sample.

It is interesting to note that the pH of the tailings
stream has increased due to build up of NaOH over time. The
associated alkalinity has also increased substantially since
the C-H Synfuels study. The high levels of bicarbonate in
the present tailings stream explain the absence of any
excess of Ca2* until 3200 ppm CaO is added, as the
bicarbonate reacts with the calcium ions, as noted earlier.

The water chemistry, for the parameters tested here,
shows that lime addition would result in decant suitable for
reclaim water, except for the high pH values. The pH
increases rapidly with amounts of lime of 600 to 800 ppm to
about 12.0 and then increases much more slowly with further
addition of lime. The alkalinity of the water decreases
with additions of lime to 600 - 800 Ca0 due to bicarbonate

being consumed, then increases as hydroxide is released from
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Ca0 Dosage {ppu) As | 600 | 600 | 600 | 600 | 400 | 800 | 1600 | 3200
A-110 Dosage ppa Rec.

{(polyelectrolyte) 6 6

p 10.1 | 9.3 | 12.3 { 9.2 12 10.2 | 10.4 | 12.6 13
Suspended Solids, mg/l 26 ] 3 10 26

Suspended Solids, ¢ solids |0.0026 ] 0.0006 0.0003| 0.001 | 0.0026

Turbidity, NTO 314§ 13.5] 0.1 9.9 | 2.4 ] 3.2 4 7.2 2.6
Total Bardness, mg/1 CaC03

(total Ca and Mg ions) 3.5 | <1.6]¢52)<¢<0.7]<0.7

Alkalinity, mg/1 CaC03 523 712 | 846 | 685 | 863 528 781 | 1292
Bicarbonate, ng/1 HCO3 23 | 593 | <1.0} 651 | <1.0

Bydroxide, wg/1 OB- - - Al - 139

Total Organic Carbons, wg/1| 4.2 | 4.7 | 2.9 | 4.2 3

i, mg/l 13 6.47 | 5.87 | 5.11 | 7.3 | 4.68 | 6.04 10 1.83
Ca ++, g/l 0.7 0.5 | 1.9 |<0.1]<0.1} 1.8 1.8 | 0.8 22
Al +++, ng/1 5.05 | 2.89 | 1.51 | 1.98 | 2.49 | 0.41 | 1.18 | 0.86 | 0.38
Fe ++, ng/1 1.2] 07 ] 005 05 | 0.07 | 0,04 | 0,34 | 0,05 0.02
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Table 4.3 Chemical Analysis of Tailings Batch #2 Decant

Ca0 Dosage (ppm) Raw 400 600 600 800 800 | 1200 | 1600 | 800
A-110 Dosage ppa

(polyelectrolyte) 6
pd 9.6 9.3 9.5 9.7 | 12.1 | 11.2 12 12.4 | 10.3
Suspended Solids, mg/l me | u | 2 6 | 505 7 6 6 9
Suspended Solids, % solids | 0.012 | 0.0014 | 0.0027] 0.0006 | 0.051 | 0.0007|0.0006 | 0.0006 | 0.0009
Turbidity, NTU 130 130 26 2.4 ] 103 6.7 31 2.3 13
Total Hardness, mg/1 CaC03

(total Ca and Mg ions) 10,1 | 103 | <15 ¢2.7}¢3.7} ¢33 «<1.1}<0.7] <19
Alkalinity, mg/1 Ca003 1050 | 786 195 791 918 848 | 1140 | 1240 | 963
Bicarbonate, ng/1 H003 819 | 69 | 600 § 204 ] <1.0f <1.0|<1l.0]<1.0] 287
Bydroxide, ng/1 OB~ - - - 550 | 1%9 .12.1 98.3 | 212

Total Organic Carbons, mg/l | 3.7 4.1 4.6 4.5 34 3.3v 3.5 3.5

Si, /1 7.49 | 183 | 491 | 432 | 749} 6.1 | 6.79 | 6.5

Ca ++, ig/1 1.3 i 0.4 0.9 1.3 1.1 0.3 0.1 0.6
Al +++, ag/1 359 | 10.4 | 1,75 | 1.55 | 1.89 | 0.9 | 1.17 | 1.14 | O.74
Fe +++, ng/l 0.91 | 1.98 | 0.39 § 03¢} 0.11 | 0.03 | 0.1 | 0.16 | 0.04




Table 4.4 Chemical Analysis of Tailings Decant from C-H

Synfuels (1984)
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Raw 520 1300 | 1950 520
Ca0 Dosage Tailings | ppm ppn ppnm ppn
A-110 Dosage 4
(polyelectrolyte) ppm
pH 7.7 10.5] 10.6 12 11.3
Suspended Solids, mg/l 33300 22.5 30 37 19.5
Suspended Solids, % solids 3.2 0.002]| 0.003 | 0.004}|0.002
TurbiditgJ NTU 83 6.8 1.6 0.9 14
Total Hardness, mg/l1 CaCO3
(total Ca and Mg ions) 32 <2 868 1300 20
Alkalini@xl mg/1 CaCoO3 589 513 1824 | 2561 576
Total Organic Carbons, mg/l 174 58 34 31 37
Sio2, mg/1 22 104 ? 27 13 98 ?
Ca ++, mg/l 6 3 262 442 8
Al +++, mg/1l 140 3.8 | 0.6 0.3 | 2.8
Fe +++, mg/1l 12,1 0.2 0.1 0.1 0.2
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relative measurement of the CaCO; required to adjust the pH
a set amount). The suspended solids content and turbidity
values are very low, reflecting how clear the water appears
in the sample jar. The total organic carbon values are also
very low. The levels of dissolved metals are also very low
due to the high pH which tends to cause the metals to

precipitate.
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Field Predicti

The compressibility and hydraulic conductivity
parameters determined from the testing program are used to
predict tailings accumulation and consolidation in the field
using two finite difference computer programs. The prograns
and methods of analysis are described in section 3.1. The
laboratory parameters, in terms of power law functions, are
determined in section 5.2 by comparing predicted settlement-
consolidation curves to the laboratory data. Several cases
from each batch of tailings are studied, covering the range
of lime concentrations tested. The predicted curves from
the acid tests would be similar to the lime predictions and
are not included here. The predicted tailings accumulation
and consolidation for each case is presented in section 5.3,

for three rates of tailings accumulation.

5.1 Methods of Analysis

The finite difference consolidation method of Yong et
al (1983) is combined with hindered settling theory in a
finite difference program used to verify the laboratory
data. The method has the advantage that it is easy to
understand and program. The main limitation is that it uses
a finite difference form of the traditional Terzaghi
consolidation equation. The restrictions of small strains,
constant material parameters and exclusion of self-weight of

the traditional theory are eliminated by using a finite
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that is approximate (due to the restrictive assumptions in
the governing equation) but is self-correcting if small
enough time steps are used (due to the finite difference
technique).

Hindered settling is modelled with the assumption that
the tailings settle at the initial void ratio until an
interface of a higher density material is reached. This is
based on observations reported by Been and Sills (1981),
Imai (1981) and Tan et al (1990a). For a standpipe test,
the interface begins at the base of the cylinder and builds
up with time. At the interface, the tailings ccllapse to a
void ratio where effective stresses dominate the settling
behaviour. This is called the beginning of consolidation
void ratio. Consolidation occurs while hindered settling
proceeds, until the consolidation-settling interface reaches
the surface of the sediment. The solution may be
inaccurate due to two reasons: 1) there is generally a
transition zone between hindered settling and the onset of
consolidation and 2) the void ratio during hindered settling
may be higher than the initial void ratio due to water
flowing upward from the consolidation zone.

Inputs to the program are the compressibility and
hydraulic conductivity parameters (as power law functions),
the initial sample height, the initial void ratio and the
void ratio at the beginning of self-weight consolidation.

Due to time constraints, the ability to solve an upper



program, so the program of Pollock (1988) was used to
predict tailings accumulation with time. This follows the
method of Somogyi (1980), using a fully implicit central
finite difference analysis. Somogyi (1980) uses the theory
of Gibson et al (1967), reformulated in terms of excess pore
pressures. The theory is non~linear, includes self-weight
of the soil and finite strains and places no restrictions on
the initial void ratio condition.

The limitation of the theory is that is does not
include hindered settling, so the average void ratio when
hindered settling is complete, determined in the first
program, is used as the initial void ratio. It would be
more precise to use the void ratio at the beginning of
consolidation, but since there is no laboratory data for
compressibility until self-weight consolidation is complete,
it would require considerable extrapolation of the data. It
was found by trial and error that the initial void ratio, if
above 1.0, had little effect on the moving boundary problem
results, except for the highest rate of deposition, since
hindered settling is so rapid.

A further refinement to the analysis would be to
include hindered settling with the moving boundary problenm,
as outlined in Pane and Schiffman (1985) or Schiffman et al
(1988). That theory combines hindered settling and finite
strain theory into one equation, with a constant to control
the rate of transition from hindered settling to the

beginning of consolidation.
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5.2 Verification of Material Parameters

Seven representative cases were chosen to study, three
from the first batch of tailings and four from the second
batch. The parameters are derived and then verified using
the first computer program.

The compressibility and hydraulic conductivity
relationships are determined as power law functions of the
void ratio. The compressibility is assumed to be the same
for all samples from each batch of tailings and is
determined from the step load consolidation tests. The
constant rate of deformation consolidation test results are
not used due to problems with analysing the results as
outlined in section 2.6.3.1.

Two void ratio - effective stress relationships were
obtained from the step load test performed for each batch of
tailings. Two power laws of the form e = Ac'® were found to
fit the data best due to the sharp bend in the curve when
the sand grains begin to come in contact. The power law
parameters are listed in Table 5.1. The theoretical curves
plotted with the laboratory data are shown in Appendix D, in
Figures D.1 and D.2.

Void ratio - permeability relationships were determined
by plotting the permeability from the hydraulic conductivity
tests and the permeability calculated from the settlement
curves and fitting power laws to each curve. The
permeability is calculated from the settlement curves

following the method of Tan et al (1990b). Separate
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Table 5.1 Power Law Parameters

Case Compressibility Permeability
< 2.5 kPa > 2.5 kPa
e = A¢g'® e =Co'® e = ex¥
A B Cc D E F
Batch #1
400 1.104 | -0.2820.9177]| ~-0.085}16.198] 0.2176
600 1.104 | -0.282}0.9177}| ~-0.085}| 6.595 | 0.1534
3200 1.104 | -0.282}|0.9177|-0.085!11.711] 0.1955
Batch #2
600 0.8971]|~-0.134| 0.8275| -0.048}17.535] 0.221
800 0.8971]|-0.134]0.8275| -0.048 | 6.7054 | 0.1557
1600 0.8971]-0.134|0.8275| -0.048| 4.73 0.1306
800 (2 m)|{0.8971]|-0.134|0.8275}|-0.048} 2.729 | 0.0919
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relationships are obtained for each of the seven cases.
These are shown in Figures D.3 and D.4. For the shorter
standpipe tests, power law relationships represent the data
quite well, whereas the 2 metre standpipe has a zone where
the permeability is constant at the beginning of the test,
requiring two power law relationships to adequately
represent the data.

The predicted versus actual settlement curves for five
of the seven cases were quite good. The curves for the 800
ppm case for batch #2 are shown in Figure 5.1. The curves
for the other four cases are presented in Figures D.5 to
D.8. It was found by adjusting the beginning of
consolidation void ratio, relatively good agreement between
the actual and predicted curves could be obtained. This
void ratio, along with the void ratio at the completion of
hindered settling, is shown on the figures and is much
higher for the tailings batch #1 tests. The higher void
ratio at the beginning of consolidation is likely related to
the lower self-weight of batch #1 tailings. The void ratio
at the end of hindered settling is used as the initial void
ratio for the field predictions.

The program does not handle the very slow hinderad
settling rate for the 600 ppm test from tailings batch #2
(Figure 5.2) very well. The steps in the predicted curve
are due to the hindered settling-consolidation boundary

stepping from one node to the next lower node in the finite
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difference program. This is more exaggerated if the
hindered settling rate is very slow.

The program does not predict the delayed consolidation
that occurred for the 1600 ppm test from tailings batch #2
{(Figure 5.3), although the end-of-consolidation void ratios
agree quite well. This would be a concern in the field if
the deposited layers are not thick enough to collapse the
structure of the flocculated clays, wher higher lime

contents are used.

5.3 Prediction of Tailings Accumulation in the Field

Tailings accumulation is predicted using the average
output of the Syncrude plant (270,000 tonnes of solids/day)
and the estimated available pit area for disposal (13.2
km2), for the seven cases mentioned earlier. This
represents a rate of deposition of 9.16 m per year of total
tailings, before settling and consolidation. Deposition
rates of 18.31 m/yr and 36.62 m/yr (pit areas of 6.6 km2 and
3.3 km?) are also used for the 600 ppm, 800 ppm and 800 ppm
(2 m) (batch #2) cases to determine the effect of increasing
rates of deposition. The 800 ppm results are presented
here, with the results of the other cases in Appendix D.
The 600 ppm and 800 ppm (2 m) cases represent the range of
possible results based on the available laboratory data.

The predictions are based on single drainage through
the sample to the surface. This is reasonable since any

bottom drainage, if the tailings are placed on sand, would
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iikely plug up with fines quite rapidly and have a small
effect on the consolidation.

The output of the moving boundary program is: thickness
of tailings with time, void ratio profile after one year,
excess pore pressure after 120, 240 and 360 days.

The plot of tailings thickness with time for the three
deposition rates for 800 ppm case is in Figure 5.4. This is
the thickness of tailings below the end of hindered settling
void ratio. It shows that the thickness of the highest rate
is significantly more than twice that of the next lowest
rate, indicating that it is much less consolidated. This
can also be seen in the void ratio profiles in Figure 5.5,
showing the highest rate to result in a highly
underconsolidated state. The normalized excess pore
pressure profiles in Figures 5.6 to 5.8 also show much
larger excess pressures for the higher rates of deposition.
The pore pressures are normalized by dividing by the
instantaneous excess pore pressure, or in other words, the
maximum effective stress that would develop, based on the
weight of tailings above that point. The degree of
consolidation after one year, based on the average amount of
excess pore pressure dissipation, is 69 %, 47 % and 39 % for
the 9.16, 18.31 and 36.62 m/yr rates of deposition,
respectively. The initial excess pore pressure distribution
is calculated from the buoyaht unit weight of the tailings,
if the entire amount of tailings were deposited

instantaneously at the end of the year.
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The predictions for the other cases are in Appendix D.
Comparison of the tailings thickness with time plots, in
Figures D.9, D.17 and D.21, shows a much greater disparity
between cases for the higher rates, up to a 4 metre
difference for the highest rate. The void ratio profiles,
in Figures D.10, D.18 and D.22, also show this, with the
greater rates of deposition resulting in greater disparity

between the results.

5.4 Summary

Power law functions of the laboratory data can be used
to predict settlement-consolidation profiles accurately
unless the sel¥-~weight consolidation is delayed, as in the
higher lime content tests.

A moving boundary analysis of tailings depositior shows
that at a rate of deposition of total tailings of 9 m/yr,
all lime concentrations will result in 55 to 75 %
consolidation, after depositing for one year.

For rates of deposition of 18 m/yr and 36 m/yr, the
amount of ccnsolidation decreases and the disparity between
the amount of consolidation between cases increases. A rate
of 18 m/yr is feasible if higher lime contents are used.
Rates higher than 18 m/yr are also possible if channeling
can be relied on to increase the permeability of the

tailings at the beginning of consolidation.
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6. Conc;usiogs and Recommendations

6.1 Conclusions

1) Non-segregating mixes of total oil sand tailings can
be achieved using either lime or sulphuric acid with
deposition in a quiescent environment. From standpipe
tests, the optimum lime content is in the range of 600 to
800 ppm Ca0 based on total weight and the optimum acid
content is 7.5 to 10 ml/1 using a 10 percent acid solution.
These values are valid for a tailings stream of 45 to 55 %
solids and 15 to 20 % fines (< 44 microns). The additives
work by aggregating the clay particles in the tailings which
prevents the sand grains from segregating.

2) A high molecular weight polymer does not
substantially improve the settlement characteristics of a
tailings mixture in quiescent conditions. It is possible
that the polymer will help to prevent the tailings from
segregating while being deposited in the field.

3) Settlement of the tailings mixes after flocculation
occurs very quickly due to hindered settling. Self-weight
consolidation continues after hindered settling at a much
slower rate and for a longer time period. Channeling may
occur with increasing thickness of rapidly placed layers,
which increases the rate of hindered settling and possibly
the early stages of self-weight consolidation.

4) The strain from hindered settling and self-weight

consolidation can be considerable, even for deposits with an
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initial thickness of 0.5 m or less (40 to 50 % depending on
the initial void ratio).

5) Total tailings reach a sand matrix state at a void
ratio of approximately 0.75, at effective stresses of
approximately 5 to 10 kPa, for a fines content of about 17 %
(< 44 microns). The effective stress for further
consolidation increases dramatically after the sand grains
come in contact.

6) The rate of hinderer] settling is dependent on the
amount of additive used (or the degree of coagulation and
flocculation) and if channeling occurs. An increased rate
of settling generally occurs with increased amounts of
additive, up to a limit of approximately 1200 ppm CaO or
12.5 ml/1 10 % HyS04.

7) The interpretation of constant rate of deformation
tasts is complex and the effect of the magnitude of excess
pore pressure on the test is still uncertain. Step loading
tests result in more consistent compressibility
relationships, although they require a longer testing
period.

8) Adding lime to the tailings has no adverse effect on
the tailings reclaim water except to increase the pH, based
on the limited scope of the tests performed here.

9) A maximum rate of tailings deposition of 20 metres
per year (initial thickness) appears possible if sufficient
flocculation is achieved. This would result in 10 metres of

'semi-consolidated tailings (void ratio < 1). Higher rates
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may be achieved if channeling could be relied on to increase
the permeability of the tailings. If sufficient
flocculation could not be achieved, then a deposition rate

Closer to 10 metres per year would be required.

6.2 Recommendations for Further Research

1) The effect of shearing on the segregation of
flocculated mixtures of tailings needs to be investigated.
This includes shearing while mixing the tailings and
4hditv %5 and shearing while depositing the tailings in the
field.

2) The process needs to be tested on the complete range
of solids and fines contents tailings to ensure that it
works for the majority of cases.

3) A more complete analysis of the effect of various
additives on supernatant water quality is required. This
includes measuring more properties than was performed in
this thesis and at various times after the supernatant is
produced.

4) The potential of channeling with thicker initial
thicknesses of tailings needs to be investigated. This
would allow the tailings to be placed in smaller pits by
increasing the rate of hindered settling and consolidation.

5) The effect of air entrainment on the segregation of
tailings mixes, especially during deposition needs to be

studied.
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6) The average tailings stream is approximately 60
Celsius, while the tests were perforred in this thesis at 20
to 25 Celsius. The effect of this temperature difference
may be beneficial due to the decrease in the viscosity of
water at higher temperatures and needs to be studied.

7) The field predictions should be performed with a
program that includes simultaneous hindered settling and
self-weight consolidation, with an upper moving boundary
condition.

8) The effect of varying bitumen contents on the
settlement, consolidation and water quality of the tailings

mixes also needs to be studied.
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Appendix A - Apparatus Details and Calibrations

Equipment Details
Pressure Transducers

The pore pressure at the base of the constant rate of
deformation and step load consolidation cells was measured
using Validyne Engineering Corporation Model DP15TL Multiple
Range Pressure Transducers (S/N 33494,33495). This model
allows different ranges of pressure to be measured by
changing the diaphragm in the transducer. A 35 kPa
diaphragm was used here. The transducers were calibrated
using a Deadweight Tester Pressure Balance from
Pressurements Ltd. (U.K.). The calibration curves for the
transducers used for the constant rate of deformation and
step load tests are in Figures A.1 and A.2, respectively and

show both transducers are very linear.

Displacement Equipment

The travel of the piston in the constant rate of
deformation and step load consolidation tests was measured
using Hewlett Packard Linear Variable Displacement
Transducers (LVDT’s). The model used for the constant rate
of deformation test was a 7 DCDT - 3000 with a travel of 15
cm and the calibration is shown in Figure A.4. A 24 DCDT -
3000 (S/N 1185) with a travel of 15 cm was used for the step
load test. 1It’s calibration is shown in Figure A.3. The

transducers were calibrated using a high precision
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micrometer. The calibration curves for both LVDT’s have a
correlation coefficient close to one, showing them to be

very close to linear.

Load Cells

The load in the piston rod for the step load
consolidation cell was measuread using a load cell
constructed at the University of Alberta by the head
technician, Gerry Cyre. The load cell has a maximum range
of 600 kg. The cell was calibrated using a deadweight
tester. The calibration curve is shown in Figure A.5 and
shows the output is linear except for the first 20 kg of
load.

The load in the piston rod for the constant rate of
deformation consolidation tests was measured using an Omega
Engineering Inc. Model LCC Load Cell (S/N 398758). The
capacity of the load cell is 900 kg. The calibration curve

is shown in Figure A.6 and shows the cell to be highly

linear.

Pressure System for Step Load Cell

For the loads above 5 kPa for the step load cell, a
diaphragm air cylinder from Bellofram Products Company was
used. This transfers air pressure to a load on the piston
rod. The model used had the following specifications:

Type: D

Size: 36
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Series: F

Rod: BP
Lot: 0012
Bore: 6.8 in.

Stroke: 5.4 in.
The air pressure applied to the air cylinder was
regulated using a Moore Instruments Ltd. Nullmatic Pressure

regulator, Model 40-200 (S/N 4588).
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179

8
6 —
Slope = 5.810 mm/Volt
4 -
R*2 = 0.999783
2

Output (V) -2

-12 - : . . o
0 20 40 60 80 100 120
Displacement (mm)

Figure A.3 Calibration of LVDT #1



180

Slope = -16.48 mm/Volt

R*2 = 0.999983

Output (V) 0 +

0 50 100 150
Displacement (mm)
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Appendix B - Consolidation Time Plots

The void ratio - time plots for the individual loads
for the step load consolidation test on batch #1 tailings
are presented in Figures B.1 to B.6. The individual plots
for the step load test on batch #2 tailings are presented in

Figures B.7 to B.14.
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Appendix C - Pore Pressure Plots

The plots of excess pore pressure for each load of the
step load test on batch #1 tailings are presented in Figures
C.1 to C.6. The excess pore pressure plot for the constant
rate of deformation test on batch #1 tailings is in Figure
C.7.

The excess pore pressure versus time plots for the step
load test on batch #2 tailings are presented in Figures C.8
to C.14. Plots of excess pore pressure versus total stress
for the constant rate of deformation tests on batch #2
tailings are in Figures C.15 to C.17. The plots of the
ratio of excess pore pressure to total stress versus void

ratio for the same tests are in Figures C.18 to C.20.
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Appendix D - Field Prediction Plots

The plots for determining the power law variables for
the consolidation programs are in Figures D.1 to D.4. The
laboratory data are plotted as points and the power laws as
dashed lines.

The comparison plts of the predicted to actual
settlement curves for the five cases where they are in close
agreement are in Figures D.5 to D.8.

The plots of tailings thickness with time, void ratio
profile and excess pore pressure prorile for 9.16 m/yr of
tailings are in Figures D.9 to D.16. The corresponding
plots for 18.31 m/yr are in Figures D.17 to D.20 and for

36.62 m/yr are in Figures D.21 to D.24.
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