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Abstract

Tailings (mining waste) disposal is a significant consideration for the mining industry, with
the majority of the ore processed in most mining operations ending up as tailings. This
creates large volumes of tailings, which must be handled and stored responsibly to avoid
potential environmental catastrophes. The most common form of tailings storage facility is
the impoundment, where tailings are contained within a basin, with beaches forming around
the perimeter of the impoundment and a pond standing in the middle. A relatively new
method of tailings storage is to create a ‘stack’, whereby the tailings solids form a large heap,
with the discharge of tailings slurry from the apex of the heap. This method of tailings
storage is finding greater popularity as the industry seeks to reduce the amount of water
discharged with the tailings, and usually features the discharge of non-segregating tailings
slurry that flows turbulently in its own self formed channel down the tailings beach. It is of
significant value for mine operators and tailings engineers to be able to predict the shape of
the beach that forms in either of these disposal scenarios. The key to being able to do this
relies on a method of prediction of the beach slope.

The aim of this work is to develop a method of tailings beach slope prediction for tailings
slurries that are sub-aerially discharged from a pipe.

In this thesis a literature review is undertaken, investigating existing methods for the
prediction of tailings beach slopes. These methods are validated against relevant industrial
and experimental data.

Two separate phases of experimental work have taken place in an effort to investigate tailings
deposition behaviour, one at mine sites and the other in a laboratory on a small scale. The
methodology and results of this experimental work are presented here.

Three new tailings beach slope prediction models are presented; a simple empirical model
enabling quick approximate predictions; an a priori tailings beach slope prediction model
based on existing theories of open channel flow, sediment transport and rheology, which is
more powerful due to the greater degree of theory in its foundation; and a new semi-empirical
model that shares some of the theoretical aspects of the a priori model but offers better
predictions due to its empirical calibration to the experimental data.

The experimental results, along with 3 other independently collected sets of relevant industrial
and experimental data, are used to validate the beach slope prediction models found in the
literature, as well as the new beach slope models presented in this thesis.  Statistical
evaluation of the performance of all of these models is presented to enable comparison.

Finally, a new beach shape model is presented for the three dimensional geometric forecasting
of the beach surface of a tailings stack. Historic tailings discharge data is run through the
beach shape model, and the shapes predicted by the model are compared with aerial survey
data of a real tailings stack for validation of the shape model. This work not only presents a
new method of tailings stack shape prediction, but also a plausible theory for explaining the
concavity of tailings beaches. The stack shape model also has the potential to be developed
further for the three dimensional modelling of tailings beaches formed in other types of
storage facilities, such as impoundments or valleys.
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Nomenclature

This list of nomenclature includes symbols that recur throughout the thesis in a number of equations. It

does not include symbols that are specific to a particular equation. In such instances where these

unique symbols appear, they are defined in the text immediately following the equation.

Cross sectional area of flow (m?)

Stream or channel width (m)

Particle drag coefficient (dimensionless)

Volumetric concentration (expressed as a fraction)
Concentration by weight (expressed as a fraction)

Pipe diameter (m)

Particle diameter, assumed to be ds, if not specified (m)
50™ percentile particle diameter (m)

85™ percentile particle diameter (m)

Darcy friction factor, sometimes referred to as the Weisbach friction factor (dimensionless)
Froude number (dimensionless)

Acceleration due to gravity (m/s?)

Overall height of a tailings beach (m)

Tailings beach slope, equal to the vertical rise / horizontal run (fraction, but normally
presented as a percentage)

Consistency index fitted to rheogram for the application of a rheological model (Pa.s")
Bingham plastic viscosity (Pa.s)

Bed roughness from the Colebrook-White equation (m)

Overall horizontal length of a tailings beach (m)

Power used in the application of a rheological model (dimensionless)
Roughness coefficient from the Manning equation (s/m"?)
Wetted perimeter of channel cross section (m)

Flow rate (m’/s)

Specific flow rate, equal to Q / b. (m%/s)

Reynolds’ Number (dimensionless)

Reynolds’ Number for a Herschel Bulkley fluid

Hydraulic radius, equal to 4 / P (m)

Specific gravity of tailings slurry (g/cc)

Channel bed slope, assuming uniform flow conditions (expressed as a fraction)
Ratio of density of solid particles to density of carrier fluid
Mean velocity of flow, equal to O /4 (m/s)

Minimum transport velocity (m/s)

Settling velocity of a single particle in static carrier fluid (m/s)
horizontal distance from discharge point (m)

vertical distance from the lowest point on a beach (m)

depth of flow (m)

Shear rate applied to a fluid (1/s)

Layer thickness (m)
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o Angle of repose of a slurry (radian)

U Viscosity of a fluid (Pa.s)

v Kinematic viscosity of a fluid (m%/s)

p Density of a fluid, assumed to be slurry density without subscript (kg/m®)

pi Density of carrier fluid in a slurry (kg/m”)

Ds Density of solid particles (kg/m3)

P Density of carrier medium fluid (kg/m’)

T Shear stress (Pa)

Ty Yield stress of a non-Newtonian fluid (Pa)
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Chapter 1: Introduction

1.1 Background

1.1.1 Tailings production and disposal

Tailings are the leftover rock or soil particles that are discarded from a mining operation after the
desired mineral has been extracted. Tailings are also referred to by several other names including tails,
tailing, slime, slickens and gangue. A typical commercial mine may produce anywhere from half a
million to 40 million tonnes of tailings each year. To give some indication of the scale of current
tailings production, Anglogold Ashanti, currently one of the world’s largest mining companies,
currently has interests in 2 mines in Australia; Sunrise Dam and Boddington. Both are gold mines,
with Sunrise Dam producing over 3 million tonnes of tailings last year and Boddington expected to
produce over 30 million tonnes upon completion (Ehm 2005). In the case of Sunrise Dam, an average
of 3.68 grams of gold was produced for each tonne of ore that was mined, whilst at Boddington this
figure was about 1 gram per tonne. With current gold prices and mining and processing technology
enabling such low grade ore to be economically viable, the mining industry looks to continue in its
production of massive quantities of tailings. In Australia alone, it is estimated that there are 600
tailings storage facilities currently in operation (Engels 2006), so it can be appreciated that tailings

production is a massive issue all over the world.

Tailings particles are typically less than a millimetre in diameter as a result of mechanical crushing and
grinding, and are usually mixed with water to form a slurry. The reason for this is for the processing of
the ore, which usually takes place in an aqueous environment to enable chemical extraction of the
minerals. Depending on the ore composition and the type of process used at the mine to extract the
desired minerals from the ore, tailings slurry may contain heavy metals and toxins such as cyanide.
Some tailings types can also generate acid through oxidation of sulphides contained in the tailings.
Disposal of the tailings slurry is economically achieved by pumping the slurry through a pipeline to a
dumping site. In the past this disposal has been done in the most economical fashion possible;

sometimes discharging directly into the nearest river, ocean or local depression with the obvious
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objective of simply getting rid of the tailings. In recent times legislation has been passed in many
countries to supersede such practices with more environmentally friendly alternatives in order to curb
potential damage to the environment. Growing pressure has been applied internationally by various
organisations such as the United Nations Environmental Programme (UNEP), the World Bank and the
International Monetary Fund (IMF) to improve the environmental impact and attitudes of global mining
companies and governments. Beyond this, many mining companies have recognised the concepts of
social and environmental responsibility and “licence to operate”, and are actively seeking to maintain

and even improve on current “world best practice”.

1.1.2 Tailings impoundments

Impoundments are the most commonly used modern tailings storage facility (TSF), in which the
tailings slurry is contained within a basin that is created by the construction of dam structures. In flat
terrain it is necessary to build an impoundment cell (often referred to as a “paddock dam”, “ring dyke”
or “turkey’s nest”), which has dams forming the full perimeter of the impoundment. The word “dam”
is often misused in this context in describing the entire impoundment, when in fact the dam is the wall
that acts as the containment boundary. In mountainous terrain, the local topographic features can often
provide natural boundaries for the major part of the impoundment if a suitable location is chosen,
potentially enabling the construction of a relatively small dam to close a large basin off. In many cases
these dams are built from earth or rockfill, whilst in some, methods have been developed for building
the dams from tailings or the coarse fraction of the tailings. In a typical impoundment storage facility
the tailings slurry is discharged from many pipe outlets (called spigots), which are arranged at intervals
around the perimeter of the impoundment. The solid particles in the slurry typically settle soon after
they are discharged from the spigot, and together they form a beach at the point of discharge that slopes
towards the middle of the impoundment. Over time, the beach generated by each spigot builds up in
height, length and width until it eventually merges with the beaches of the neighbouring spigots, and
ultimately the entire perimeter of the impoundment has one long beach. With the constant build up in
height of the beach, it is necessary to periodically lift the spigots and their supplying pipelines higher in
order to prevent them from being buried in tailings. The slurry water, often referred to as decant water

or super-natant water, runs downhill into the middle of the impoundment to form a pond. In many
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mining operations this pond water is pumped back to the process plant for reuse. Most impoundment
dams are built incrementally, starting off low and periodically being built higher in stages in order to
spread the cost of this considerable capital expense over a longer term, particularly in light of the fact
that the impoundment is usually set up before the mine is producing any income. At the end of life of

the mine, environmental regulations often dictate the “rehabilitation” of the tailings storage site,

whereby the mining company is expected to cap the site and revegetate it.

Figure 1. Photograph of a tailings impoundment during a downstream raise of the dam

Despite considerable improvement on previous forms of uncontained disposal techniques,
impoundments still present some significant environmental and safety risks. From an environmental
perspective, there is the real potential for toxic contaminants to seep into the underlying soil and enter
subterranean aquifers that can carry it further away to damage the environment. This has led to
regulations governing impoundment permeability limits. There is also the potential for the dam to leak,
which has led to engineered solutions such as toe drains and seepage monitoring programmes. The
worst scenario is the potential for a dam to fail structurally. This has occurred in dozens of instances
over recent decades as a result of earthquakes, rainfall events that caused the impoundment to fill and
overflow with rapid erosion of the dam occurring as a result, from poor construction of the dam in the
first place, or from operational negligence in which the impoundment has been simply overfilled with
tailings slurry. In any of these dam failures, there is the potential for the tailings contained within the
dam to liquefy and flow out of the impoundment through the point of failure. The requirement for
impervious conditions at impoundment boundaries leads to the entrapment of water, which may be
desirable from a seepage point of view, but has the serious side effect of keeping the stored tailings in a
condition that is more conducive to liquefaction in the event that the impoundment retaining structure
should fail. This has happened in catastrophic proportions in several instances, with tailings mud flows

of several meters in depth running down valleys to completely bury entire villages, killing hundreds of
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people and causing untold environmental and property damage (UNEP 2005). A short listing of some
of the deadliest dam failures in recent decades would include: Bulgaria 1966, 488 people killed.
Zambia 1970, 89 people killed. USA 1972, 125 people killed. Italy 1985, 268 people killed. South
Africa 1994, 17 people killed. China 2000, 15 killed and 100 missing. Between the years 2000 and
2006 there have been 14 serious dam failures registered on the United Nations Environment

Programme listing.

Impoundments also present an engineering problem when the final stage of rehabilitation is reached.
The impervious basin, combined with the permanent presence of a pond on the tailings surface, means
that most of the deposited tailings are located below the phreatic surface (water table). This inhibits the
drying of the tailings, particularly when the mine is located at a site where rainfall has a net positive
effect over evaporation. This saturation results in the contained tailings having a low strength, which
makes it very difficult to operate earthworks equipment on the surface of the tailings impoundment to

spread topsoil. Persistent rainfall can prevent the rehabilitation effort and cause it to drag out for years.

For an impoundment type of tailings storage facility, the ability to predict the beach slope is important

for the following purposes:

e Designing the dam structure. The slope of the beach will determine the necessary height of
the dam, and to a lesser degree, the pressure acting on the dam, both from the static weight of

the solids as well as the hydrostatic pressure within.

e Determining the freeboard storage volume of the impoundment. This freeboard volume is
defined as the remaining storage capacity of an impoundment that can safely be used without
breaching of the dam occurring, and it must provide adequate storage capacity for rainfall

runoff after a major storm event as well as future tailings.

e Planning the periodic raising of the dam as the impoundment fills up
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Figure 2. Diagram of relevance of beach slope in an impoundment

1.1.3 Tailings stacks

Robinsky (1975) proposed an alternative form of tailings storage facility that he called Tailings
Management System (TMS), which is now more commonly referred to as a tailings stack or a Centrally
Thickened Discharge (CTD) scheme. In a tailings stack facility the tailings slurry is discharged from a
single elevated point above a flat plain to form a conical hill. Depending on the topography, a dam
may not be required for containing the slurry, but some form of perimeter bund or drain is required to
collect rainfall runoff and slurry bleed water to prevent it from being allowed to run into the
surrounding environment. A separate pond for this runoff is therefore required, which can be used for
recycling of the collected water if needed. On the stack surface, the tailings slurry will typically spread
in thin layers of about 5 to 10 centimetres depth in local regions, with each layer typically sitting
exposed for some days before being covered up by the next layer. This deposition process will be
discussed in some detail later in this chapter. It is noted that these thin layers of deposited tailings are
able to dry out considerably from natural evaporative processes, which brings some major benefits to
this type of tailings storage facility. Firstly, the relative dryness of the stack means that there is
minimal leaching of toxins into the underlying soil (Williams & Seddon 1999). Secondly, this
typically low moisture content gives the stack considerable strength to support itself and withstand
earthquakes or general structural incompetence failures (Fourie 2006). This aspect presents a massive
advantage when the stack surface gets rehabilitated upon cessation of mining, due to its structural
integrity to support earthworks machinery. Another aspect of tailings stacks that give them an
advantage over impoundments is the stability of the stack resulting from the gentle slope of the surface.

By comparison, though the tailings in an impoundment are relatively flat, the impounding dam is
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relatively steep, so that if the contained tailings in both TSF’s were to liquefy in the event of an
earthquake (presuming the moisture content in both facilities was sufficiently high to enable
liquefaction to occur), the impoundment would present a significantly greater risk of flowing due to the
higher potential energy of its shape. Investigation of this topic by Fourie (2006) found that a tailings
stack typically has a beach slope that is flatter than the angle of repose adopted by liquefied tailings that
have come to rest. Finally, one of the major advantages of tailings stacks over impoundments is the
economic benefit in certain circumstances. A major expense in the initial establishment of a tailings
stack is a thickener that can process the total mine output to the required discharge concentration, but
with an impoundment on the other hand, the major capital cost is the initial construction of a dam. In
situations where water is scarce (and therefore expensive), tailings stacking presents enormous

potential for reducing water losses and operating costs.

Figure 3. Photograph of the Peak mine tailings stack, near Cobar, New South Wales

In the case of a tailings stack, the ability to predict the beach slope becomes even more critical than an

impoundment for the following reasons:
e Determining the height of the stack. This will dictate the storage capacity of the stack.
e Forecasting the required land surface area to accommodate the stack.

e Designing the perimeter bund. It is necessary that the bund is sized to retain decant water as

well as rainwater runoff, the volume of which is dictated by the surface area of the stack.
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Figure 4. Diagram showing the relevance of beach slope on a tailings stack

When a tailings stack is constructed on sloping ground instead of flat ground, this type of tailings
storage facility is commonly referred to as a “down-valley discharge” (DVD) scheme. In such cases it
becomes even more critical to be able to accurately predict the beach slope of the tailings because this

can determine the feasibility of the entire scheme.

Beach Slope («) > Valley Slope ()

Beach Slope (a) < Valley Slope (3)

Dam required to retain tailings

o
M[ﬁ

Figure S. Down valley discharge schemes, showing two possible configurations

As a general note it is fair to say that beach slope prediction is much more relevant in the context of
stacks than it ever has been in the past with impoundments. This can be asserted on the basis that most
operators of impoundments have not had to consider the tailings beach slope per se; rather they have
been more concerned with the surface level in terms of the risk of the dam being breached by tailings or

stormwater. In most impoundments the beach slope has been almost flat anyway, and with the pond
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surface considered in the overall cross section of the impoundment, it can be appreciated that the

contents of an impoundment are often regarded as being flat from an operational point of view.

1.1.4 Dry stacked tailings

Another term, “dry stacked tailings”, is sometimes seen in the literature. Though this term is not to be
confused with dry tailings or a tailings stack, it has already been adopted for describing two very

different forms of tailings storage methods:

The first definition of dry stacked tailings is a recently introduced form of tailings storage in which
tailings slurry is pumped into a bounded flat paddock until a thin layer covers the entire area (Glenister
& Abbott 1989; Sofra & Boger 2001). The discharge is then stopped for a long period, during which
time a significant fraction of the contained water is able to evaporate. Whilst the evaporation phase is
in progress, the tailings slurry being produced by the mining operation is sent to another paddock. It
can be seen that this form of tailings disposal requires several paddocks to enable the production to
continue uninterrupted, and it also requires a relatively higher degree of maintenance and monitoring
than some other disposal schemes. It has gained some following in the alumina industry due to the

relatively flat-beaching nature of bauxite tailings, which is often referred to as “red mud”.

The second definition of dry stacked tailings sees the tailings slurry dewatered with drum filters to the
point that it becomes a cake that can no longer be pumped through a pipe (Davies & Rice 2001). This
cake still carries moisture, but at a content below saturation. This dried tailings cake requires haulage
with trucks or conveyor systems to its storage facility. Three examples were presented by Davies and

Rice where this system has been adopted in Canada, Alaska and Chile.

1.1.5 Underground and in-pit storage

In some rare cases it is possible to pump tailings into an open cut pit or an underground mine that has
been mined out, but this is not typical because in most cases the mining operations (or access to them)

are still ongoing at these sites. In underground discharge, the beach slope has significance, since it is
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desirable to have steeply beaching tailings in areas that have been mined out so that other areas that are
still being worked are not flooded with tailings. Beach slope is not so important for disposal in a pit,
since the desired result is a flat surface with high strength for earth moving equipment to run on for the

rehabilitation of the site.

1.1.6 Submarine and riverine tailings disposal

The act of deliberately discharging tailings slurry into an ocean or river still goes on to this day in
several major mining operations in the South East Asian region, despite the controversial impact that
this has on the environment. Various investigations of this topic have generated support for both sides
of the argument of whether this form of tailings disposal is damaging to the environment, and whilst
the International Council of Mining and Metals supports submarine and riverine tailings disposal in

certain situations (ICMM 2005), the governments of many of the western nations outlaw it.

1.2 Classification of tailings

In terms of their potential behaviour on a beach, tailings can be categorised into 4 main groups:
e Dry tailings
e Segregating slurry
e Non-segregating slurry
e Paste

Some effort will be made here to define each of these 4 groups.

1.2.1 Dry tailings

“Dry tailings” are essentially tailings that are not mixed with water to form a slurry or paste. One such
example of this can be found in some mining operations where a method of mineral extraction called
“heap leaching” is adopted, in which the ore is dumped in a big heap and chemicals are periodically

sprayed on top of it that leach the mineral from the ore and drain down through the heap under
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gravitational forces. This “pregnant” leachate is collected by a drainage system that underlies the heap,
and is then refined. In heap leaching operations, the remaining ore is not usually referred to as tailings,
but instead is called “residue”. Heap leaching operations will continue to produce leachate for years
after the spraying ceases, so unlike other mineral processing methods, it is difficult to define the exact
point when the ore becomes residue in a heap leaching facility, but one logical definition would be the

moment that the mining company stops collecting the leachate.

Small scale mining ventures often create dry tailings, where the miner sifts through the dirt
mechanically to find his treasure. This was typical centuries ago in gold and diamond mining, and still
continues in some non-commercial mines and smaller gemstone mining operations. The majority of

commercial mining operations currently underway do not produce dry tailings.

1.2.2 Segregating tailings slurry

Segregating tailings slurry is a mixture of rock (or soil) particles and water, in which the larger particles

will preferentially settle out before the smaller ones. These slurries are typically of low concentrations.

1.2.3 Non-segregating tailings slurry

Non-segregating tailings slurry is similar to segregating slurry, but with one critical difference; the
large and small particles are seen to settle at the same rate. Non-segregating slurries are typically more
concentrated than segregating slurries, but since the transition point from segregating to non-
segregating behaviour is dependant on the mineralogy ore, it is possible for a segregating slurry of one
ore type to have a higher solids concentration than a non-segregating slurry of another ore type.
However, any given segregating slurry can be thickened to be a non-segregating slurry with the
removal of water. The point that separates segregating and non-segregating slurries is known as the

segregation threshold.
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1.2.4 Paste tailings

The definition for paste is not so clear, with many people in the industry often using this term very
imprecisely in describing what others might recognise as thickened slurry. What can be said
definitively is that paste is created by removing water from slurry. Some attempts have been made to
define the boundary between slurry and paste with a definite yield stress value or a viscosity value or a
slump value (Newman et al. 2001). Other more subjective definitions are: “paste is too thick to be
pumped with centrifugal pumps, and so requires positive displacement pumps” and “paste will not
settle in a pipe” (Theriault et al. 2003). Paterson (2004) stated that paste ““...can be transported at low
velocities without particles settling on the pipe invert. On deposition there is very little, or no, bleed
water from the mixture...” These industry definitions are developed from a practical point of view in
terms of transporting the material and avoiding the blockage of pipelines. In this work, paste will be
defined as a mixture that does not bleed water, in which particles do not settle further, based on the

definition provided by Paterson.

1.2.5 Thickened tailings

The term “thickened tailings” is used to describe tailings slurries that have been concentrated by the
removal of water, though in the past this term has also been used to describe non-segregating slurry
(Robinsky 1975, 1978). Strictly speaking, thickened tailings could include segregating slurries, non-
segregating slurries or paste, so it can not be regarded as a discrete category for engineering purposes
like the other 4 types of tailings. In industry the concentration of a slurry is usually achieved in a
thickener, which is essentially a cylindrical tank with a conical base that acts as a settling pond, usually
with a mechanical raking device continuously rotating about its central vertical axis to provide egress
paths to assist trapped water to escape from the settling mass of solid particles. Often flocculating
agents and coagulants are added to the slurry to speed up the settling process. Sometimes filtering
devices (such as disc filters, belt presses and centrifuges) are used instead of thickeners (or in
conjunction with thickeners) for thickening the tailings slurry by pressing against filter screens to
extract water. In recent years the design of thickeners has evolved to enable higher concentrations of

slurry to be created, with the tank bases being shaped as steep cones to increase the depth in the
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thickener and thus force more water out of the mixture with greater compressive force. Both of these

thickening devices are capable of producing paste or thickened tailings.

1.3 Beach slopes

By convention, tailings beach slopes are usually expressed as a percentage, rather than an angle or a
fraction. The percentage is calculated as 100 times the vertical rise over the horizontal run, so that a
beach with 1 meter of vertical rise over 20 meters of horizontal run would have a 5 percent slope.
Typical beach slopes seen in non-segregating tailings storage facilities vary between 1 and 5 percent
(Williams & Seddon 1999), whilst in a segregating tailings storage facility the average beach slope is
typically less than 1 percent (Morris & Williams 1999), though near to the discharge point the local
beach slope is often steeper. (Blight & Bentel 1983) For a paste, the slope of the deposit formed is
expected to be significantly steeper than that of a tailings slurry, with experimental results showing that
small samples of paste can yield slopes of up to 19 percent (Sofra & Boger 2002), though the discharge

of such viscous paste onto a tailings beach is generally not viable or practical.

1.4 Beach profile and concavity

In all cases of large scale tailings disposal, tailings beaches are found to be concaved in profile, with
the amount of curvature varying from one case to the next. In some cases the degree of concavity is so
low that the beach is almost linear in profile, but it has been shown that beaches formed by the
discharge of segregating slurry exhibit greater concavity than those formed by non-segregating

slurry.(Robinsky 1978; Williams 2001)

1.5 Application of tailings types

In the majority of mining operations, tailings slurry is thickened to a point below the segregation
threshold and discharged to an impoundment. In such cases the thickening effort is driven by the desire
to recover some of the water and the costly chemicals contained within it for recycling. In some other

cases there is no thickening done on the tailings slurry.
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Tailings stack type facilities, of which there are only about 20 or so currently operating in the world,
receive non-segregating tailings slurry in the majority of cases. This is done to minimise water

consumption from evaporative losses and to achieve a relatively steep beach slope.

Paste tailings is used for underground backfill in some mines. The reason for this is that it can be used
as structural fill in underground stopes following the addition of cement to the paste. This allows
miners to dig out surrounding rock that would otherwise have collapsed without the support of the
cemented tailings. Furthermore, its steep angle of repose allows it to be used in local areas in an

underground mine with low risk of the tailings flowing into other working parts of the mine.

The discharge of paste tailings in an above ground storage facility is very rare for several practical
reasons. Firstly, paste production technology is relatively new. Secondly, at most mine sites the cost
of producing and transporting tailings paste to a dumping site is higher than the cost of the water that is
otherwise lost in tailings slurry. Thirdly, though the steeper beach slopes that could be gained by
discharging paste would reduce the footprint of an above ground tailings storage facility, at a typical
remote mine site the land space saved is not of sufficient value to warrant the cost of paste production.
Another less obvious reason for the rarity of paste discharge in above ground facilities is the reduced

structural stability of the deposit formed if steep slopes of 19% or more are gained.

1.6 Tailings beach formation from non-segregating slurry

The following description of tailings beach formation is based on the author’s own observations of non-
segregating tailings slurry flowing down the surface of the conical tailings stack of the Sunrise Dam
gold mine in Western Australia in February 2005. During this period, the flow rate and water content

of the discharged slurry could be adjusted.

A tailings beach builds up under the arrival of many thinly spread deposits of tailings, each caused by
the supply of tailings to some location on the beach surface by a self-formed channel. At the end of a
channel the tailings can be seen to disperse in a wide flat sheet a few inches thick, but over time the

channel gradually advances in length along the top of this freshly deposited sheet at the rate of
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approximately 5 metres per minute, enabling the tailings to gradually spread further from the point of
discharge. The direction taken by the sheet flow is essentially dictated by gravity as the tailings runs
along the path of least resistance, but the deposited location and depth of this material dictates the
future path of the self-formed channel, as it is necessary for this freshly deposited tailings to form the
sides of the new channel. Eventually the channel experiences a bank-up effect when the sheet flow
builds up in an area that is flatter than the channel slope, at which time the channel will suddenly adopt
a completely new path from some point upstream. It was found that concentrated slurry will deposit
near the top of the beach at a steep slope, while diluted slurry will run further away at a flatter slope. It
was also found that a low flow rate will see the channel run at a steep slope, with the sheet deposition
occurring near the top of the beach also at a steep slope, while a large flow rate will cause the channel

to adopt a flatter slope, thus resulting in deposition further away at a flatter slope.

An interesting phenomenon was observed when a relatively steep beach formed at a low flow rate was
eroded by a channel flowing at a much higher flow rate. The new channel cut itself a canyon, getting
deeper and deeper into the underlying beach. The channel also formed many small waterfalls along its
route, and these waterfalls gradually moved upstream as the turbulence created at each one undermines

the channel bed immediately upstream of it.

This deposition behaviour corresponds to that which was observed and documented by Williams and
Meynink (1986) during a series of tailings slurry stacking experiments in New Guinea, in which the
slurry was discharged onto a flat plane and observed to form a large puddle that spread in all directions
for some time before the flow suddenly confined itself to its self-formed channel to ride over the top of
the freshly deposited tailings towards the outer edge of the puddle to propagate further. Near the edge

of the puddle the channel flow once again ‘broke out’, reverting to sheet flow.

This behaviour may better be described in terms of resistance to flow. Sheet flow will occur while
there is little resistance against the flow being able to push the boundaries of the puddle larger. The
self confinement to a channel will occur when the amount of resistance to forming the channel is less

than the amount of resistance to spreading the puddle boundaries.
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Williams & Meynink (1986) asserted that this channel slope dictates the overall slope of the tailings
beach formed. The author’s own observations of deposition behaviour on the Sunrise Dam tailings

stack support this assertion.

It follows from this that the prediction of a tailings beach slope stems from predicting the slope of the

channel of tailings slurry that runs down the beach.

1.7 Statement of the problem

At present there is no satisfactory method available for the prediction of tailings beach slopes that are
generated by the discharge of non-segregating tailings slurry. This makes the design and management
of tailings storage facilities more difficult, particularly for tailings stacks and down-valley discharge

schemes, where the predicted beach slope is a critical design parameter.

1.8 Aim

The aim of this work is to develop a method of predicting the slope of the beach that forms when a

tailings slurry is sub-aerially discharged from a pipe.

1.9 Thesis structure

The work presented here is structured in the following manner:
e Literature Review (Chapter 2). The literature that specifically addresses the topic of tailings
beach slope prediction will be discussed, as well as other related literature of relevance.
e Approach to the problem (section 3.1). Some discussion of the physical processes that are
relevant to tailings beach slopes will establish an approach for the experimental work.
e  Experimental work done (Chapter 3)
e Validation of beach slope models presented in the literature (Chapter 4). The beach slope

models found in the literature are applied in predicting slopes to compare with 5 different sets
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of data, 2 of which contain beach slope data and the other 3 containing relevant experimental
data.

e Creation of a simple empirical beach slope model (Chapter 5). This model is based on an
empirical fit to new experimental data.

e Development of a new a priori channel equilibrium slope model (Chapter 5). A model is
developed that is based on previously established work done by others in related fields.

e Creation of a new semi-empirical equilibrium slope model (Chapter 5). This model features
some aspects of the a priori model, but with empirical calibration from new experimental data.

e Validation of the new a priori and empirical models (Chapter 5). The new models are tested
against the same 5 sets of experimental data that were used in Chapter 4 to validate other
models from the literature.

e Review of three-dimensional tailings beach modelling methods (Chapter 6).

e Creation of a new three-dimensional tailings stack shape model (Chapter 6)

e A summary of new contributions and findings arising from this work is presented (Chapter 7)

e Conclusions are drawn from the work presented in the thesis (Chapter 7)

e Recommendations are presented for future research in this field (Chapter 7)
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Chapter 2: Literature review

There is a substantial amount of literature that focuses specifically on the prediction of tailings beach
slopes, but the various approaches applied to the problem causes this literature to fall into several
categories. There is also an amount of related literature that does not specifically focus on tailings
beach slope prediction, but is still very relevant to this work. In an attempt to apply some logical
structure to this literature review, the literature is presented in the following order:
e 2.1 Tailings beach slope prediction
o 2.1.1 Empirical equations fit to real tailings beaches
o 2.1.2 Empirical equations fit to miniature tailings beaches
o 2.1.3 Empirical equations fitted to open channel flume experiments
o 2.1.4 Tailings stacking experiments
o 2.1.5 Theoretical approaches
o 2.1.6 Tailings beach profile prediction
e 2.2 Hydraulic fill studies
e 2.3 Geological investigations of alluvial fan deposits
e 2.4 Prediction of spillage from a tailings dam failure

e 2.5 Slump of tailings pastes

Rheology

It is appropriate to introduce the science of rheology at this point, since it does appear in various forms
in a number of the references visited in this literature review. Rheology is the study of flowing matter,
such as liquids, slurries, emulsions, and melts. Rheology describes the deformation of such matter
when it is subjected to external shear forces. Laboratory instruments called rheometers have been

developed to experimentally investigate the deformation of such matter under measured rates of shear.

Some fluids, such as water, exhibit Newtonian behaviour, in which case the shear stress in the fluid is
uniformly proportional to the applied rate of shear. When the shear stress is plotted against the applied
shear rate, the resultant graph is known as a rheogram. Newtonian fluids appear as straight lines that

intersect the origin of a rheogram, the slope of which give the viscosity of the fluid. Non-Newtonian
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fluids will either exhibit a yield stress, non-linear viscosity characteristics, or both. Yield stress is an
internal property that enables a fluid to resist deformation up to a certain point, effectively enabling it
to behave as a solid while it is subjected to stresses that are less than the yield stress. Typically a
tailings slurry will exhibit both yield stress and varying viscosity at different shear rates, which firmly

places it in the realms of a non-Newtonian fluid.

Rheological modelling

Numerous rheological models have been proposed for the purpose of mathematically describing the
rheological characteristics of a fluid. Such models provide a means by which various aspects of a
fluid’s rheological behaviour can be taken into account in the mathematical modelling of various fluid
dynamics related processes, and many such examples can be found in this literature review. Three
commonly used rheological models are the Bingham plastic, power law, and Herschel-Bulkley models.

Each of these three empirical rheological models is described below:
Bingham Plastic model

This model suits a fluid with a yield stress and linear viscous behaviour. The equation for the Bingham

Plastic model is as follows:

T=1,+Ky 37)

where 7 is the shear stress (Pa), 7; is the yield stress (Pa), K is the Bingham plastic viscosity (Pa.s) and

¥ is the shear rate applied to the fluid (1/s).

Power Law model

This model suits a fluid without yield stress that exhibits non-linear linear behaviour. The equation for

the Power Law model is presented below:

T=Ky" (38)
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where 7 is the shear stress (Pa), K is the Power Law consistency index (Pa.s”), n is a power and ¥ is

the shear rate applied to the fluid (1/s).

Herschel-Bulkley model

This model suits a fluid with a yield stress that exhibits non-linear viscous behaviour. The equation for

the Herschel-Bulkley model is presented below:

T=7,+Ky" (39)

where 7is the shear stress (Pa), 7, is the yield stress (Pa), K is the Herschel-Bulkley consistency index
(Pa.s"), ¥ is the shear rate applied to the fluid (1/s) and 7 is a power. This model is essentially the

combination of the previous two. It carries an extra empirical parameter compared to each of the other
two, but has the advantage of combining non-linear viscous behaviour with a yield stress, which neither

of the other two models can do.

The graphical presentation of these three models allows a better comparison of their characteristics.

Rheological models applied

Shear stress, ¢

—Powier Law
——Bingham Plastic
——Herschel-Bulkley

Shear rate, ¥

Figure 6. Graphical comparison of the Power Law, Bingham Plastic and Herschel-Bulkley
rheological models.
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2.1 Tailings beach slope prediction

Some work has been presented in recent decades featuring attempts to develop a reliable means of
predicting tailings beach slopes. Most of the earlier work done in the field of tailings beach slope
prediction was focused on predicting the beach surface and particle distribution profiles in a tailings
impoundment context, where the tailings slurries were generally segregating. This segregation caused
the coarse particles to deposit nearer to the discharge points, which are typically positioned along the
crest of a dam. These coarse particles had a relatively high permeability, so one of the major motives
for the above research was based around modelling the phreatic (hydraulic) surface profile to analyse
the hydrostatic pressure on a dam. This segregating characteristic would also result in variation of the
strength and compressibility of the beach as a function of the radial distance from the discharge spigots,
which was also of interest in the contexts of evaluating the feasibility of upstream raising of the dam
and of rehabilitating the area (Williams & Morris 1989). Beach slopes were of a lesser interest in being
used to calculate the freeboard volume of an impoundment for rainfall containment and future tailings
storage capacity, because the typically flat slopes of tailings beaches in impoundment situations have a
relatively minor effect on the freeboard volume when compared to the remaining freeboard of the dam
above the discharge spigots. More recently with tailings stack disposal methods becoming more
popular, there has been a greater interest in beach slope prediction. A review of this beach slope

literature is presented here.

2.1.1 Empirical equations fit to real tailings beaches

A logical starting point in the pursuit of a tailings beach slope prediction method is to examine some
real tailings beaches and try to fit an empirical equation to their shape. Several such empirical
approaches have been presented. It should be noted here that all of these methods are based on
measuring the overall height and overall length of a tailings beach in an impoundment, and presenting
the overall slope as the ratio of these two values. The overall height of a beach is usually deduced from
the difference in elevation between the spigots and the pond, when in reality the spigots may be
situated quite some distance above the actual beach. For this reason, some care should be taken in

accepting overall slope figures at face value, given that in some cases the overall height may be only
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two or three times greater than the drop from the spigots. It is therefore necessary to check the cross

sectional profile points to be sure that there is not some very high point at the head of each beach.

Melent'ev et al. (1973) proposed the following equation for predicting the overall slope for a concaved

tailings beach:

1/6
%:O.ISCV”(%j (1)

where H is the overall height of the beach, L is the overall length of the beach, C) is the solids
concentration of the incoming tailings slurry, ds is the median particle size, and A2 * is the stream depth
associated with the scour velocity of clear water. It was also stated that this equation could be used to
calculate the slope of the beach at any specific point, provided the input parameters were known for the

slurry at that particular point. An expression was provided for calculating h* as follows:

Oy
= W 2
V5 )

where Oy is the water flow rate, Vy is the stream velocity for no erosion to occur, b is the stream width.

The use of the word “scour” suggests that the process of tailings beach formation is caused by the
tailings flow eroding solid particles from the bed in a scouring process, which would be entirely
contradictory to what has been observed by later workers, and indeed to the physics of beach

formation.

Robinsky (1975) presented a landmark paper in 1975 that first introduced his idea of tailings stacking.
Though this paper was predominantly conceptual in its introduction and promotion of this new idea, he
was able to draw on practical experience that had been gained in the establishment and operation of the
world’s first tailings stack facility that he had engineered at the Kidd Creek mine in Canada, as well as

some proprietary laboratory research that he had conducted. In this paper Robinsky did not present any
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equations or hard numbers relating to beach slope prediction, but he did make some interesting
qualitative comments about the depositional behaviour of tailings from its hydraulic discharge as a
slurry; Firstly he stated that the solids concentration is an important factor in the prediction of tailings
beach slopes. Secondly, he listed the gradation of solid particles as being an important factor. Thirdly,
he stated that the flow rate has an effect on the beach slope, with lower flow rates yielding steeper
beach slopes. To further substantiate this third statement, he added that the (7500 dry tons per day)
discharge of tailings onto the Kidd Creek stack is split into 24 streams in order to achieve steeper beach
slopes. Finally he added temperature and pH as other parameters that have a lesser effect. He
concluded his paper by saying that the best way to predict the beach slope is to perform laboratory

experiments in conjunction with field tests.

It is worth noting that Robinsky’s statement about the effect of flow rate went largely unnoticed for
some years. The splitting of flow to produce steeper slopes at Kidd Creek has since been done at other
mine sites many years later, but there has most definitely been an element of reinventing the wheel

amongst these more recent experiences, evident in the time taken to implement this change.

In a later paper Robinsky (1978) provided some more detailed information about tailings deposition
that was not presented earlier. Of greatest interest was a plot of concentration vs beach slope based on
some in-house laboratory tests that he had performed on copper tailings. Robinsky did not present any
equivalent plot for the effect of flow rate on beach slope because he regarded the slurry concentration
as the factor “most practical to control”. However, it was stated that “the volume of flow can affect the
build-up of slopes by as much as one-half to one percent”, a rather down-graded statement when
compared to his comments on flow rate in his previous paper. Since an equation was not presented for
the prediction of beach slopes, Robinsky’s concentration vs beach slope graph has been presented here

instead:
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Figure 7. Plot of S vs Cyy, presented in Robinsky (1978)

No details were provided about the laboratory tests done to generate this data. Furthermore, it is not
known whether this equation represents an empirical fit to the slope of actual tailings beaches as a

factor of lab test results done with the corresponding slurries.

Wates et al. (1987) reported that the slope of a tailings beach was dictated by the slurry specific gravity,
and not particle size. To support their claim they presented a plot of slurry specific gravity vs beach
slope for some field data that they had collected from “a number of mines”, which showed a strong
trend, though they mysteriously refused to accept the validity of the data fit in stating “The variations
are too great to distinguish any definite relationship between slurry relative density and beach slope but
the trend is clearly evident.” No equation was provided for the line of best fit drawn on their graph,

which is reproduced here as Figure 8.

It is noted that the title of the work presented by these authors, “The effect of relative densities on
beaching angles and segregation on gold and uranium tailings dams” indicates that they were working
with segregating slurries, at least with some of the tailings slurries tested. However, no new data was
presented by Wates et al. to suggest the factors that effect segregation, nor was any data presented to

show that segregation was even occurring on the beaches observed. Instead, they stated that
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segregation does not occur on a gold or uranium tailings beach without providing any evidence to

support this claim.
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Figure 8. Graph of beach slope vs slurry specific gravity presented in Wates et al. (1987)

The US Bureau of Mines undertook an investigation into the beach characteristics of tailings with a
focus on the construction of safer, more stable tailings dams. (Boldt 1988) This investigation took
place in 3 phases, with the first being the survey and monitoring of tailings beaches at 18 different
mines in the United States, the second being laboratory flume experiments, and the third being larger
scale tailings discharge experiments at mine sites. The focus of this investigation was on the structural
stability of hydraulically placed tailings, nominally in predicting the particle sorting as a function of

distance from the spigots, but there was consistent recording of beach slopes throughout the research.

Boldt’s work was very statistically orientated. There is a negligible attempt to present any form of
literature review or research in the report, and virtually no consideration of physical principles involved
in the tailings depositional process. Boldt has listed all the surveyed data in table form in the report,

and made some statistical analysis into 119 linear correlations between various measurements recorded.
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Many of the correlations are ridiculous in their contexts (flow rate vs cohesion of the deposited material
for example, or specific gravity of the solid particles against the percentage passing the size 50 sieve),
so most of them are statistically insignificant with one exception: Flow rate vs beach slope for the full
scale deposition trial data, which scored an R* value of 0.958. The linear fit equation presented for this

correlation is as follows:

i=1.98-0.00430 (3)

where i is the beach slope (%) and Q is the flow rate expressed in US gallons per minute.

Pinto & Barrera (2002) published an empirically derived equation for predicting the slope of a
segregating tailings beach, based on data that was logged from 6 Chilean copper mines. Their equation

is as follows:

1.38
15.6 CW

i=0.009(s —1)'** =t

“)

where i is the average slope of the beach (%), s is the ratio of the specific gravity of the solids to that of
the water in the slurry, Cy is the solids concentration by weight (fraction), and P is the dry tonne

production rate (kt per day).

There is no particle size term in the equation (such as the median particle diameter). Pinto and Barrera
found in their fitting of a curve to their data that the particle size appeared to have a virtually negligible

effect, so they decided to simply drop it from the equation.
The sensitivity of the Pinto and Barrera equation with respect to the slurry specific gravity (G) is noted.

This parameter is raised to the power of 15.6. This is a particularly unforgiving aspect of Pinto and

Barrera’s equation, since slightly different values will produce extraordinarily differing results.
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2.1.2 Empirical equations fit to miniature tailings beaches

A considerable proportion of the attempts to predict tailings beach slope are based on the use of
laboratory flumes to experimentally model the behaviour of a full scale tailings beach. (Blight 1987;
Blight et al.1985; Boldt 1988; Fan & Masliyah 1990; Fourie 1988; Kupper 1991; Ribeiro & Assis
1999; Wates et al. 1987) It must be made clear that in some of these works the word “flume” is
referring to a rectangular tank that looks more like a large fish tank. In many of these cases the walls of
the tank are clear to enable external observation of the deposition of particles inside, and the base is
typically flat without any inclination above horizontal. In most of these “fish tank™ style flumes the
slurry is admitted at one end at a very low flow rate (a few litres per minute, for example) and allowed
to deposit particles on the floor of the flume to gradually build up a mini “beach”. In some cases these
flumes have a discharge outlet at the opposite end of the tank to allow the decant water to exit, but in

others the tank is sealed so that the decant water forms a pond at the downstream end of the flume.

Blight et al. (1985) conducted laboratory experiments, running tailings slurry down a 1.82 meter long
flume and forming a sediment deposit in the flume in an effort to apply it in a predictive context. They
found that the overall slope of a tailings beach is affected by three factors: the solids concentration of
the slurry (higher concentrations produce a steeper beach slope), the size of the solids particles (larger
particles produce a steeper beach) and the origin of the tailings. This last factor is the most difficult to
quantify, since it is likely to cover a combination of other unnamed factors such the mineral properties,

clay content, rheology, specific gravity, chemical effects from the mine processing etc.

Unfortunately however, they found that the overall slope of the laboratory flume beaches did not show
any resemblance to the overall slope of an actual tailings beach, so they were unable to develop a

method of predicting beach slopes.
It is worth noting here that their small scale laboratory test apparatus was filled at a very low discharge

rate that was not discussed, an omission that would suggest that the effect of different flow rates was

not investigated or appreciated.
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Wates et al. (1987) stated the slope of a tailings beach was dictated by the slurry concentration, and not
particle size. As well as presenting a plot of concentration vs beach slope for field data from actual
tailings beaches, they also presented experimental laboratory data to further lend support to this theory,
but the trend was very weak. Their experimental data was gathered using a 10 meter long “fish tank”
style flume, with two different types of tailings slurry being used; gold and uranium. The flume data
loosely suggested that the beach slope increased as the concentration increased. No empirical equation

was fitted to the data.

Blight (1987) presented some remarkable findings from some experiments with fly ash slurry in which
it was observed that the slurry beached at its steepest slope of 5% at a concentration of 40% solids, with
higher concentrations yielding dramatically flatter slopes. Blight theorised that this particular
concentration marked the transition between a “particle settling” flow regime and a “mud flow” regime.
Blight asserted that the “mud flow” regime was what applied to the type of “dams” that Robinsky had
described in his 1978 paper. Only one type of slurry was discussed in this context, and similarly to
Blight’s previous 1985 paper, the flow rate was again not stated, but extraordinarily, Blight then made
the claim that a higher flow rate would result in a shift of the transition concentration to a lower value,
because he expected a greater depth of flow to occur on the beach, which would therefore provide “less
opportunity for a particle settling regime to become established”. This last comment is remarkably

unfounded on the basis of any of the information presented in Blight’s paper.

Fourie (1988) reported on an investigation of the use of a small scale fish-tank type flume for the
prediction of beach concavity in this paper. Experiments were performed in a laboratory flume of the
same dimensions as that of Blight et al. (1985), but using three different tailings slurries; bauxite, nickel
ore and coal. Fourie presented experimental findings to suggest that the concentration of a slurry
affected the overall slope of a beach, but no empirical equation was presented on the basis of this
experimental data for the prediction of tailings beach slopes (actual or miniature). It is of interest to
note that Fourie reported a slurry flow rate of 30 litres per hour into his flume for all of his experiments.
It is apparent that no other flow rates were tested, so the effects of varying the flow rate were not

investigated.
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Boldt (1988) presented experimental data that was collected during flume experiments as part of an
investigation into tailings beach characteristics that was conducted by the US bureau of mines. The
timber flume used was referred to as a “deposition trough”, with a length of 40 feet and a width of 2
feet. It is believed that the flume remained horizontal for all of the runs presented. Tailings slurry from
two different mines was discharged through a 1-1/4 inch pipe at exit velocities ranging from 4 to 9 feet
per second (flow rates equivalent to 1.0 to 1.7 1/s) into the flume at concentrations ranging between
20% and 50% solids by weight. Boldt attempted to find correlations between pairs of experimentally
measured parameters, but no strong correlations were found from the flume data. It is fair to note
however, that one of the stronger of these correlations (with an R” value of 0.57) is that between flow
rate and beach slope. An even stronger correlation was calculated for the horizontal distance vs percent

passing a size 200 sieve, which suggests segregation was occurring in the flume.

Fan & Masliyah (1990) conducted experiments in a 4.87 meter plexiglass flume using sand and water
mixtures varying from 3.1% to 5.9% by volume. It is noted that these concentrations are very low in
comparison to those used in industry. Their results yielded consistently concave profiles of beaches.
Like the other miniature beach investigators, these workers found that the beach slope could not be

predicted from their experimental trials.

Kupper (1991) conducted a series of experiments in a 6.1 meter plexiglass flume with 3 different types
of sand to investigate the effects of variation in concentration, flow rate and grain size distribution on
the resulting overall slope of the deposit, which was referred to as the equilibrium slope. Slurry
concentration was varied between 1.5 and 40.5% by weight and the flow rate was varied from 5 to 20

litres per minute.

After compiling some results from similar tests performed by other workers, Kupper proposed an

empirical formula for predicting the overall slope i, of a tailings beach as follows:
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)

where: 4 is the cross-sectional area of the discharge pipe (m?)
C,, is the slurry solids concentration by weight (%)
ds is the median grain diameter (m)
g is the acceleration due to gravity (m/s)

is the flow rate at the discharge point (m*/s)
gep

P, is the density of the solid particles (kg/m?)

P, is the density of the carrier fluid (kg/m?)

One point that should be noted about Kupper’s formula is that it does not contain any terms that
represent the individual ore type characteristics other than the specific weight of the solids and the
median particle diameter. This could be seen as an advantageous aspect of her formula from an
application point of view, since these ore-specific parameters are generally more complex and difficult
to quantify experimentally. However, in the pursuit of accurate beach slope predictions, this must be
seen as a disadvantage of the Kupper formula, since it has been demonstrated by several workers that

the ore type has a significant effect on the beach slope (Blight et al. 1985; Fourie 1988).

Another point to note about Kupper’s work was her use of the term “equilibrium slope” in a context
that was not consistent with others. This was a difference that was acknowledged by Kupper when she
cited other work in which the term was used in a sediment transport channel flow context, but she felt
that her application of the term was warranted because she argued that erosion and deposition were in

equilibrium with one another on a miniature beach in a fish-tank flume.
There are some interesting points to be noted about Kupper’s work. Firstly, there is some discussion

on segregation and its relevance to beach slopes and concavity. Citing the work of Fourie (1988),

Kupper states that non-segregating slurries exhibit different beaching characteristics to segregating

Tailings beach slope prediction Tim Fitton




Chapter 2 — Literature Review 30

slurries, noting the profiles observed by Fourie being convex upward instead of concave. This is one of

the earliest published forms of recognition of this effect.

Kupper’s work also bears some focus on spigot diameters, evidently implying that the exit velocity is
relevant to the beach slope and shape. This is consistent with the work of Boldt, who also investigated
spigot exit velocity in relation to the beach slope. Kupper even went so far as stating that the height of
the spigot above the beach and the angle of the spigot relative to the beach can change the velocity of

the flow at the upstream end of the beach, but failed to present any evidence to support this claim.

From this discussion of the mechanisms of particle transport, it is evident that Kupper has an
appreciation for the effect of the channel flow behaviour of tailings slurries in the grander context of
beach formation. This is significant, since up to that time many other researchers of tailings beach
slopes had either ignored the channel flow behaviour of tailings, or otherwise not noticed it at all. The
then previously published works of Fourie, Blight et al., Fan & Masliyah and others made no mention
of the channel flow behaviour of tailings slurry, and the experiments described by these workers also
showed a complete disregard for any effects that this channel flow may have in the formation of a

tailings beach.

2.1.3 Empirical equations fitted to open channel flume experiments

Around 2003 an experimental project was commenced to study the open channel flow of tailings, with
the objective of investigating the relationship between the open channel flow characteristics of the
slurry and the beach formed by the same slurry. Behnam Pirouz was the first PhD student taken up
with this project, which involved consultant Andrew Chryss of RMIT University. A 10 meter long

flume was constructed for the testing of tailings slurry at mine sites.

The initial experimental campaign with the flume took place in April of 2004 at the Peak gold mine in
Cobar, New South Wales, Australia. The flume had a rectangular cross section 1 meter wide and 500
mm deep. The plan was to fill the flume with tailings slurry and wait until a channel formed on top of a

settled bed of tailings. This was achieved three times during the week-long campaign, and on each
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occasion the channel took many hours to form, and was highly sensitive to any probing with gauging
instruments. Such probing caused the destruction of the channel due to the turbulent disturbance of the
probe’s immersion overcoming the relatively weak interstitial shear stresses holding the tailings
particles in place, ultimately eroding the structurally sensitive channel banks. It was decided that such
experiments were not viable, and the flume was modified to attempt a different approach. Details of

this initial experimental campaign can be found in the Behnam Pirouz’s PhD thesis (Pirouz 2006).

The flume was modified with the installation of a 10 meter long semi-circular plastic channel, so that
the channel boundaries were now rigid. Two mine sites were visited with this new flume. Tim Fitton,
the author of this thesis, was present at both sites. Pirouz was present at the first site only. Details of

this experimental work can be found in Chapter 3.

The data gathered from this work generated several empirically calibrated tailings beach slope
prediction models, each of which predicted the slope of a self formed channel of tailings that occurs on
a tailings beach, with the assertion that this channel slope dictated the beach slope. Three such models

were published, and will be described here.

Chryss et al. (2006) presented a tailings beach slope model that was based on open channel fluid
dynamics, stable channel dynamics and rheology. The application of this model entailed the
simultaneous solution of 3 equations, the first one of which predicted the cross sectional shape for a

channel:

x=yo(hy(¥1y)* +h (¥ yy) +hy(¥/ yy)*) (6)

where x and y are Cartesian co-ordinates for channel cross-sectional profile, 4, /#; and %, are geometric
constants, and y, is the maximum depth of flow in the channel. In the initial conference paper
publication of the Chryss et al. model, the 3 geometric constants were not discussed in detail, but were
instead noted as being a function of the underlying tailings making up the bed of the channel. From
private communication with Andrew Chryss that is presented in Appendix L, the following equations

are reported:
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hy = (217 -2)% (7)
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where ¢ is the non-dimensional mass yield stress of the bed material, 7, is the yield stress of the bed

material, p is the density of the bed material, and g is gravitational acceleration.

The second equation as presented in the Chryss et al. paper predicted a 2 dimensional velocity profile

for open channel flow at its centreline:
v(y) =V +1/ x(gR,S,)"* (1+1n(y/ v,)) (11

where v(y) is the axial velocity in a channel at a depth y metres above the channel bed, V is the mean
axial velocity, y is the Von Karman constant, R, is the hydraulic radius, and S, is the slope of the
channel. A graph was provided in the paper for the determination of an y value as a function of the

concentration of the slurry flowing in the channel.

The third equation from the Chryss et al. paper is the Manning equation for open channel flow:

1
= _Rh2/3501/2 12
n
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where R), is the hydraulic radius and S, is the channel slope. It was suggested that an assumed value of

0.0081 s/m'” be used for Manning’s 7, based on an empirical fit to the flume data.

This model was not validated with any experimental data because of the requirement for the bed
concentration as an input parameter, of which no experimentally measured data was known. In its
previously published form this model was not able to be applied, due to the omission of the empirical
constants in the first equation. As presented here, the application of the Chryss et al. model is now

possible.

Fitton et al. (2006) presented a semi empirical model for the prediction of tailings beach slopes, based
on open channel fluid dynamics, rheological modelling and an empirical fit to the flume data that is
presented in Chapter 3. An empirical equation was presented for predicting the depth of flow in a

channel of tailings slurry as a function of the flow rate:

d=1220"° (13)

where d is the depth of flow in the channel (expressed in millimetres), and Q is the flow rate in litres
per second. From this predicted depth, the channel cross sectional area and wetted perimeter was
calculated on the basis of an assumed shape, with the ratio of the area over the wetted perimeter
equalling the hydraulic radius of the channel. Fitton et al. then presented the following equation for

calculating the channel slope:

i =100 tan arcsin (14)
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where i is the beach slope (%), V is the mean velocity of flow in a channel of tailings slurry (m/s), p is
the slurry density (kg/m®), Ry, is the hydraulic radius of the channel (m) and g is the acceleration due to
gravity (m/s). 7, K and n are rheological parameters of the slurry as determined through the fit of the
Herschel-Bulkley model to rheological data measured for the slurry experimentally, where 7, is the

yield stress of the slurry (Pa), K is the consistency index (Pa.s”) and # is a power with no units.

Pirouz (2006) presented a semi-empirical model for the prediction of tailings beach slopes that was also
based on predicting the slope of a self formed channel on a beach. The theoretical aspect of Pirouz’s
work was the application of energy dissipation equations, whilst the empirical aspect of Pirouz’s
method focused on experimentally measuring the “zone settling rate” of a slurry, which is defined as
the speed of the linear part of the settlement curve for the interface that forms between the decant water
contained in the slurry and the particles that settle out. The zone settling rate is determined in a lab
under still conditions, in which a sample, typically of some litres in volume, is monitored as it settles in
a wide bowl with a flat base and vertical sides. A typical zone settling rate for a tailings slurry would

be about 5 millimetres per hour, but this is higher for a more dilute sample of the same slurry.

The crux of this empirical component of Pirouz’s model is a fairly weak 8 point correlation between
Reynolds number values for one type of tailings slurry in channel flow plotted against zone settling
results for samples of the same slurry in still conditions in a lab. He uses this correlation to suggest that
the zone settling rate can be used to predict the Reynolds number “required to create that amount of
turbulence in the flow”. One must question the rationale for correlating these two very different
independently measured quantities. Furthermore, even if one were to accept the connection, more data
for another type of slurry would be of significant value in adding strength to the trend, but none is

presented.

To enable this model to be applied without performing zone settling experiments, Pirouz presents a
chart for predicting of the zone settling rate for a slurry, based on the slurry concentration and the depth
of flow of the slurry in an open channel. This chart associates the initial depth of the zone settling test
with the depth of flow in the channel. This is a questionable connection between two very independent

quantities, seemingly on the basis that they are equal scalar quantities.
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The Pirouz slope prediction procedure refers to “VI” in the “Stable Channel Section Equations” in
Appendix C, but it was found that Appendix C did not feature any equation with a V/. The only
equation that calculates a velocity requires input values for Manning's # and the channel slope, which
would not enable the prediction of a beach slope. It was found that Pirouz’s prediction procedure was

not sufficiently clear to enable its application.

Another aspect of Pirouz’s model makes it potentially difficult to apply; Pirouz suggests the
experimental measurement of the submarine angle of repose of tailings in order to predict a channel
cross sectional shape in accordance with a method set forth by the US Bureau of Reclamation. There
are some problems with this suggestion in the context of tailings slurry however: The USBR graph
presented by Pirouz shows a particle size range of 0.2 to 4 inches, whereas the particles of Pirouz’s
slurry had a median grain diameter of 8 microns, some 600 times smaller than the smallest USBR
particle. Even if one were to assume that the USBR rationale could still apply under these conditions,
the suggested method of dropping particles into clear water in a container to sink to the bottom and
form a cone would take a long time when the median particles are only 8 micron in diameter. The
handling of individual particles of that size would also pose significant difficulty and tedium.
However, beyond these practical limitations of Pirouz’s approach, he has also defied his own aversion
to clear water conditions, which he made clear when he dismissed sediment transport approaches

earlier on in his thesis for this reason.

Pirouz has tested no independent data for the validation of his model. Only 3 graphs are presented,
each with only 8 points of data shown, the same 8 points of data that have been used in generating the

empirical fit that the Pirouz model is based upon.

In its presented form, the Pirouz model can not be applied. The equations to be used are not apparent,

and the challenge of measuring the angle of repose of tailings particles under water imposes a

significant obstacle in the way of its application.
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2.1.4 Tailings stacking experiments

Others have conducted large scale tailings discharge experiments to more specifically analyse the

formation of tailings stacks (Williams & Meynink 1986).

Williams & Meynink conducted an experiment in which approximately 47,000 tonnes of thickened
copper tailings was discharged onto a large flat area over a period of about 45 days to create a large
stack. Simultaneously they poured smaller stacks with the same tailings at a smaller flow rate nearby,
in an attempt to compare the geometry of the large and small stacks. They found that the small stacks
did not resemble the large one, neither in slope geometry, nor in the curvature of the resultant beach

profiles.

Williams & Meynink also made the following observations about the slurry deposition process: The
slurry will initially fan out to cover a wide area until a certain resistance to further dispersion is
achieved. The tailings will then confine itself to a self-formed channel that runs on top of the recently
deposited fans, to travel to the outlying reaches of the deposit. The slurry is then seen to disperse in the
same wide thin fans to deposit in that new frontier. Eventually this new deposit will reach a resistance
point, and the self formed channel will advance across the top of this area to move even further along.
It was noted that the slope of the self-formed channels is less than the slope of the fan flows. Due to
this observed channel transport of the non-segregating tailings it was suggested that the slope of the self

formed channels were defining the overall slope of the tailings beach.

Williams & Meynink presented an empirical formula for predicting the slope of the self forming

channel, as follows:

¢ 881G, 0s)
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where S is the slope of the channel (%), Cy is the solids concentration (% w/w), V?C is the mean fall

velocity of the mixture (m/s) at the concentration C, and K is the “transport constant”, an empirical

constant that is fitted to a particular tailings slurry (m/s).

Despite the apparent simplicity of this approach, it was found that Williams & Meynink’s formula was
not reliable in predicting this channel slope. The transport constant K was not an easily derived
parameter, as it must define so many characteristics of a given slurry. Williams & Meynink initially
proposed that the transport constant could possibly be universal in its application to all tailings slurries,

but it was later found that different slurry flows have different transport constants. (Williams 2005)

2.1.5 Theoretical approaches

Attempts have been made to produce more theoretically based tailings beach slope models through the
prediction of the angle of repose from a geomechanics slope stability approach (Blight & Bentel 1983),
prediction of energy dissipation in a turbulently flowing channel (McPhail 1994; McPhail & Blight
1998; Pirouz 2006), and application of sediment transport theory in a river bed load context (Morris

1993; Morris & Williams 1996, 1997a).

Blight & Bentel (1983) investigated the angle of repose that resulted from the discharge of non-
segregating slurry. They chose to do this by applying the geotechnical design approach of infinite

slope stability analysis, presenting the following equation for predicting the angle of repose, &

0= arcsin{ TOgJ (16)
Pg

where 7, represents the yield stress of the tailings, p is the tailings density, and ¢ is the layer thickness.
It is noted that this equation is a form of Du Boys’ equation, though this was not acknowledged in

Blight & Bentel’s paper.
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Blight & Bentel then went about experimentally validating this approach in a rather novel way by
conducting laboratory experiments in which a 5 mm thick layer of non-segregating slurry was spread
evenly across a pane of glass, with the pane then tilted until the slurry slid down its surface. The
presented plots of tilted plane experimental results alongside the model curve did provide good support
to the theoretical model. However, Blight & Bentel were not able to show that this approach could be
extended to actual tailings beaches, despite having field data on hand, because their model predicted
slump failure for a high density thickened tailings, which, according to their reference Robinsky,
formed a linear beach. They had collected field data in which actual tailings beaches at 6 platinum
tailings dams as well as individual gold, copper and diamond tailings beaches were measured, but the

slurry discharged onto these 9 concaved beaches was segregating in all cases.

Cross-sectional profiles for the 6 platinum beaches were presented in the paper, with the overall beach
slopes (total height divided by total length) ranging between 0.044 and 0.021. No empirical beach

slope equation was presented on the basis of this data.

There was no acknowledgement of the channel flow behaviour of a tailings slurry in Blight & Bentel’s
paper, and their experimental approach shows that they were completely focused on sheet flow of

tailings slurry.

One comment that must be made about the described experimental technique is that it is unrealistically
affected by the smoothness of the glass surface when compared to a tailings beach surface, let alone the
effect of any seepage, absorption or suction of water that might occur on a layer of tailings, which will
not occur on glass. The astonishing aspect of this is the comment by Blight & Bentel that their
experimental data “probably represent the lower limit to the inclinations corresponding to [the]

equation”.

It is noted that the experimental results presented by Blight & Bentel only mentioned layer thicknesses
of 5 mm. It is wondered if they tried layer thicknesses other than 5 mm, and if so, why this data was

not presented.
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Blight et al. (1985) presented an amendment to the slope equation previously presented by Blight &
Bentel (1983) : it is stated that the angle of repose equation was incorrectly presented without a factor

of 2 multiplied with the repose angle &, which thereby yields:

2<9=arcsin( %o ] (17)
o .40)

This amendment now renders equation 17 to be in contradiction with DuBoy’s equation.

One critical problem with this equation as identified by Blight et al. is the definition of o, the depth of
each layer of tailings, since it is not known in a tailings beach situation. Furthermore, the authors then
presented experimental data with known layer depths to demonstrate that the slope equation was
inadequate in a predictive capacity anyway, concluding the exercise by stating that the beach slope can

not be predicted from the laboratory measurement of the yield stress of the slurry.

McPhail (1994) presented a new approach to beach formation based on the principles of energy

conservation. For predicting the beach profile, his work presented the following series of equations:
y=y(x+Ax)+S,(x)Ax (18)

where Sp(x), the slope of the beach at point x is given by:

_ —HE
5,0 = L= ) (19)
Lyuexp HP(x)
where P(x), the stream power at point X is given by:
1 —up\ X —uP,
P(x):-—ln[(l—exp ”°)Z+exp ”0} (20)
Y7,

Tailings beach slope prediction Tim Fitton




Chapter 2 — Literature Review 40

where Py, the stream power at the plunge pool is calculated by:

By =pg— (21)

and /¢, a constant, is solved from the following equation:

_(l—exp™)

(22)
Luexp ™

S, =

where S is the initial slope of the beach, L is the length of the beach, v is the velocity in the plunge

pool, and x and y are the horizontal and vertical coordinates along the beach profile respectively.

It quickly becomes apparent that this approach is very difficult to apply in predicting the profile of a
tailings beach because some of the input parameters are practically impossible to calculate or measure
in the first place. You must know the initial slope of the beach and then nominate a length for your
beach. If you knew these things to begin with you would not go to all the trouble of predicting a
profile. Besides these two parameters, it is also necessary to know the velocity in the plunge pool.
This is a remarkable feat, to be able to state the velocity of a fluid in such a turbulently chaotic

environment. This thereby limits the value of McPhail’s approach.

2.1.6 Tailings beach profile prediction

In the investigation of the slope of tailings beaches, it is generally observed that the tailings beaches are
usually concave in cross-section, though the degree of concavity from one beach to the next can vary
considerably. This has led to more specific research being done in an effort to predict the cross-
sectional shape of a tailings beach, which is commonly referred to as the beach profile. Though this
work is highly relevant in the greater context of predicting tailings beach shapes, strictly speaking it is a
diversion from the topic of predicting beach slopes. In some of the literature discussed in this section,

it has been found that the pursuit of a method of tailings beach profile prediction has shifted the
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research focus completely away from the topic of tailings beach slopes. However, the work presented

in this field to date deserves some discussion here for obvious reasons.

Melent'ev et al. (1973) presented the concept of “the Master Profile”. Through the comparison of
several tailings beaches, they asserted that the cross sectional profile of any hydraulically deposited

tailings beach could be found to follow a dimensionless “master profile” as per the following equation:

y x\
Y[ 23
s ( Lj o3

where y represents the vertical distance from the lowest point of the beach, H is the overall height of
the beach, x is the relative distance along the beach from the discharge point, L is the overall length of

the beach and # is a fitted power that describes the curvature of the beach.

Robinsky (1975) did presented two conceptual theories to explain the resultant profile of a tailings
beach. Firstly he stated that tailings streams bifurcate as they run down a beach, a process that he
deemed to be the inverse of the natural behaviour of rivers as they merge. In drawing this river analogy
further, he stated that in nature the smaller tributary streams have steeper gradients than the wider trunk
stream that they flow into. By this rationale he stated that the diminishing sized streams on a tailings
beach should have steeper slopes than the primary channel, resulting in an overall convex profile of the
tailings beach. However, Robinsky then went on to say that the sheet flow aspect of tailings deposition
essentially resembled the alluvial fan behaviour of many geological sedimentary deposits, in which a
concave profile is always observed. From these two processes he decided that the overall effect would

be a straight beach with no curvature, or else one with slight concavity.

Robinsky (1978) later presented another theory for explaining the concavity of a tailings beach. He
introduced the concept of a segregation threshold. He used this to explain the relevance of segregation
on the beaching of tailings, asserting that segregating slurry will produce a beach with significantly
greater concavity than non-segregating slurry. Segregating slurry will deposit the larger particles near

to the discharge point, whilst a non-segregating slurry will drop all particles uniformly along the length
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of the beach. He presented Particle Size Distribution (PSD) data to support this finding, generated
from tailings samples that were taken from various points along the Kidd Creek stack beach after

segregating and non-segregating slurries were discharged for several months respectively.

Robinsky claimed that a non-segregating slurry will create a linear beach with a slope that is “close to
the natural angle of repose of the slurry”, but then went on to say that the 3680 foot-long beach at Kidd
Creek exhibits a concavity of some 2 to 3 feet. He claimed that this concavity was due to the viscosity
of the tailings decreasing slightly over the 3680 foot distance because of water entering the slurry from

the underlying tailings, which is squeezed out by the weight of the newly deposited tailings.

Blight & Bentel (1983) presented dimensionless profiles of actual tailings beaches that were surveyed
at some 9 impoundments to show that all of them could be reasonably described by the Master Profile
equation of Melent’ev et al. (1973) (equation 23), providing the value of n was known. It is noted
however, that there is a distinct absence of any mention of Melent’ev et al. in this paper, despite
subsequent publications by Geoff Blight acknowledging Melent’ev et al. as being the creators of the
Master Profile equation and concept. It is noted however, that in order for the Master Profile concept
to be applied in a predictive context, not only does the power n need to be quantified, but also the
elevations of both the apex and toe of the beach, as well as the overall length of the beach. These

workers also reported that the degree of curvature of a beach increased with an increase in particle size.

Blight et al. (1985) presented a study of the ability for laboratory scale tailings beach tests to predict the
degree of concavity of a tailings beach. A flat bottomed plexiglass flume of about 1.8 meters in length
and 0.6 m in width was used, which essentially resembled a fish tank. Their flume had a spigot at one
end for the introduction of tailings slurry, and a decant outlet at the other for drainage of the liquor.
These workers tested 4 different types of tailings slurry in their flume; gold, copper, diamond and
platinum. They asserted that a normalised dimensionless profile could be generated from a small scale
flume test, which would enable the determination of a value of n in the master profile equation

(equation 23).
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Smith et al. (1986a, 1986b) undertook a field investigation of tailings beach profiles in which 6
different types of tailings beaches were considered; molybdenum, silver, gold sulphide, platinum,
uranium and copper. Mine sites were visited, and full sized tailings beach profiles were surveyed. In
both of their 1986 papers, Smith et al. claimed to have developed a method for predicting beach slopes,
but in fact their prediction procedure merely prescribed the use of either a power law or an exponential
profile fit equation to predict the dimensionless beach profile. In either case, an empirical factor was
provided to account for an expected degree of curvature, but neither of the two equations actually
calculated the beach slope. It must be said that their frequent use of the word “slope” was highly
misleading. Their empirically prescribed power of 1.65, and the equivalent alternative exponential
factors for the exponential fit were not ideal, but instead, merely an average value of those fitted to the
beach profiles. This was hardly a major advance on Melent’ev et al. (who initially proposed the power
law fit with a power of 1.6), with the exception of the exponential equation being proposed as an

alternative, with a procedure presented for determining when it is more appropriate to use.

Williams & Meynink (1986) found qualitatively that hydraulic sorting caused concavity on the basis of
the collected data and observations of their tailings stacking trials, though there was no attempt to

present any quantitative relationship between the two.

Wates et al (1987) suggested that the curvature of a tailings beach is caused by the decrease in
concentration of the slurry as it progressively loses solid particles during its journey down the beach,
rather than from the sorting of particles as they segregate down the beach. They claimed that this

phenomenon was evident from their flume experiments, but such evidence was not presented in the

paper.

Fourie (1988) reported on his own attempt to repeat the experimental findings of Blight et al. (1985).
He performed experiments in a laboratory flume of the same dimensions as that of Blight et al, but
using three different tailings slurries; bauxite, nickel ore and coal. Fourie found that his miniature
beaches were all convex in shape, rather than concave as observed by Blight & Bentel. He explained

this as being the result of his tailings “having relatively higher solids content and to the gap graded
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nature of bauxite tailings”. Fourie also observed that different concentrations of slurries produced

miniature beaches with the same normalised profile.

Williams & Morris (1989) investigated the profile of a tailings beach, based on principles of river bed
hydraulics and sediment transport theory. They proposed a new method of defining the beach profile,
based on an equation presented by Shulits in 1941 for the prediction of the longitudinal profile of

natural river beds:
X
§S=5, exp[— a)zj (24)

where S is the slope of the river profile at a horizontal distance x beyond the highest point of reference,
Sy is the initial slope of the river, L is the length of the river, and @ is a constant, calculated with the

following equation:

S
=]n| =2 25
W n(SLJ (25)

where S} is the slope at the far end of the river, where x = L.

Williams & Morris showed that these equations provided a good fit to their own data as well as that of
Blight & Bentel (1983), which was a better fit than that achieved by Blight & Bentel in their
application of the Melent’ev et al. Master profile equation. However, despite this successful
demonstration, Williams & Morris’ approach provides no further insight into tailings beach slope
prediction. They simply showed that the concaved profile of a tailings beach more closely follows the
shape of an exponential function than that of a power law function. However, this work was not new,

since Smith et al. (1986) had already proposed a similar exponential equation three years earlier.

In the mid 90’s Morris & Williams set about conducting a range of flume experiments to investigate the

applicability of laboratory flume experiments in determining the parameters used in his model;
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nominally the final and initial slopes of a beach. In 1996 they released a paper discussing the flume
experiments and their subsequent findings: flume experiments do not gain a reasonable resemblance to
actual tailings beaches (Morris & Williams 1996). They did, however, claim that the parameter @
(equation 25) could reasonably be gained from the flume experiments, thereby enabling the
experimental prediction of beach curvature. This claim echoed the findings of Blight et al (1985),

reported some 11 years earlier.

Morris & Williams concluded that the initial slope of a beach was the only parameter left that
prevented the applicability of their model for predicting beach profiles. They suggested that it would
be worthwhile to investigate the processes that take place in a plunge pool, to better understand the
behaviour of tailings beach deposition at its upstream end. If a method could be developed that
accurately predicts the initial slope of a beach, then with simple flume experiments the rest of the beach

profile could be predicted, using the model proposed by Williams & Morris in 1989.

Beyond their research into the profiles of tailings slurries, in the mid 90’s Williams & Morris also
analysed some full scale beach profiles that were generated through the co-disposal of tailings slurry
mixed with larger sized unprocessed waste rock. They found that their same river profile equation

fitted co-disposal beach data as well. (Morris & Williams 1997b, 1997¢)

Fan & Masliyah (1990) proposed a “theoretical” model for predicting the profile of a tailings beach,
which could be simplified to a similar form of equation to that proposed by Melent’ev et al. (1973).
Like previous workers who investigated the “Master Profile” concept, the approach of Fan & Masliyah
also required that the height and length of the beach be known, and used an empirically derived

constant to dictate the degree of concavity of the beach.

Kupper (1991) made some interesting observations about the cause of beach concavity. She presented
some evidence to refute the claim that particle sorting is the cause, but then suggested that concavity is
instead due to two factors: the change in concentration of the bed load layer of the slurry that is flowing
down the beach in a channel, and the seepage of water from the slurry at the upper section of the beach

and seepage of water into the slurry at the lower sections of the beach.
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Chryss et al. (2006) suggested that beach profile concavity is caused by a change in the density of the
underlying tailings material, with this variation in bed density resulting in different channel shapes

occurring on a tailings beach, this in turn causing a different equilibrium slope of the channel.

Fitton et al. (2006) asserted that variation in slurry discharge parameters would cause concavity of a
tailings beach, on the basis that low flow rates or high concentrations would result in steep deposits
located near the discharge spigots, and high flow rates or low concentrations would leave flatter
deposits far from the discharge outlet. The superposition of numerous such deposits would ultimately

create a concave profile.

2.2 Hydraulic fill studies

Related work has been done on sand-water mixtures in the context of predicting the slope of beaches

formed the hydraulic discharge of dredged sand (Winterwerp et al. 1990).

Winterwerp et al. (1990) conducted a series of flume experiments to analyse sediment deposition in the
flow of a sand-water mixture. Their work did not focus on tailings, as they were instead conducting a
laboratory investigation of the recent hydraulic fill land reclamation activities taking place in the
Netherlands. They conducted experiments with a small flume of 1.5 m length and a large flume of 9 m

length, whilst also collecting a set of data from full scale field measurements from a dredging fill site.

Of critical importance to the Delft team was the concept of an “equilibrium slope” in the channel flow
of the sand-water mixture, whereby the erosion of the underlying bed is equal to the deposition of new
sediment, therefore cancelling each other out and resulting in a total transport scenario. These workers
suggested that the slope of the hydraulically deposited beach of sand was defined by this channel
equilibrium slope, in the same context that Williams & Meynink suggested the same aspect of tailings

beach formation.

Winterwerp et al. presented an empirically modified equation for the prediction of the equilibrium

slope of an open channel of sand and water in turbulent flow, based on a modified form of the sediment
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transport formulation of Engelund-Hansen to gain a better fit with their data. This equation was as

follows:

(5_1)2d50 2 " ng2 " ~0.4
Iy = ch(l—cy) e | 9 (26)

where s is the ratio of the density of the solids to the density of the carrier fluid, ds, is the median grain
diameter, Cy is the volumetric concentration, fj, is the Darcy friction factor and ¢ is the specific flow

rate, equal to the channel flow rate divided by the channel width.

It was found by Winterwerp et al. that this equation vaguely fitted some of their large scale flume data,

but not so for the small scale data or the field data.

Winterwerp et al. also presented a completely empirical equation of best fit to their data as follows:

i, =|0.0056-%—0.0045 |¢*

ref

@7

where d is the representative grain diameter, d,., has a constant value of 65 um, and g is the specific

flow rate, equal to the channel flow rate divided by the channel width.

Winterwerp et al.’s empirical equation makes no reference to the concentration of the sand-water

mixture, which infers that the concentration has no significant effect on the channel equilibrium slope.

The findings of Winterwerp et al. were very interesting in relation to the effect of the scale of the flume
used. They exercised a very rigorous approach to their flume experiments, using modern and accurate
measurement techniques to collect their data. Due to the close similarity of our experimental methods
to theirs, it is well appreciated how difficult such measurements are to gather, and more critically, how

subjective the results can be depending on the experimenter. For this reason, comparisons of the
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various experimental programmes of Winterwerp et al. can be said to be of considerable power,
because the three different types of experiments were all run by the one group of experimenters. It is
noted that the smaller of their two laboratory flume rigs presented data that was apparently random and
demonstrated no obvious trend. The data collected in the field also defied any trend as a result of the

difficulty in being able to physically collect the data on site.

2.3 Geological investigations of alluvial fan deposits

Sedimentary geologists have also presented field studies done on alluvial fan deposits with empirically
“calibrated” fan profiles (Parker et al. 1998a, 1998b; Sun et al. 2002), with corroborated laboratory
experimental work being done in an attempt to develop a small scale test method for predicting alluvial
deposition (Whipple et al. 1998). These workers had a broad focus that aimed to model all fluvial fan
depositional processes, from the slow, massive scale morphology of river deltas and vast flood plains to
the relatively smaller scale build up of tailings beaches. In the work presented by this group, a large
scale investigation of tailings beaches took place at the “Rolling Stone” mine in Minnesota, USA, over
several years during the 1990’s. The data collected from this investigative work was used to calibrate a

model that was presented in the other of two companion papers in 1998.

The following equation was presented in the 1998 paper by Parker et al. for predicting the slope of an

alluvial fan deposit:
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where R is the submerged specific gravity of the sediment, ¢ is the sediment transport coefficient, ¢
is the flow channelization coefficient, p is the hydraulic resistance exponent, ¢, is the hydraulic
resistance coefficient, 7, is the sediment transport critical shields stress, n is the sediment transport

exponent, Qs is the flow rate of sediment, 7 is the dimensionless radial distance from the apex of the

fan (equal to the radial distance divided by the length of the fan) and Oy is the flow rate of water.
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In three of the cited papers, this model has been applied in various contexts. In the 1998 experimental
paper, the model was calibrated against the recorded data for the Rolling Stone mine tailings dam. In
the 1998 paper by Whipple et al., the model was tested against small scale fluvial experimental data
that was generated in two 3-dimensional laboratory experiments. In the 2002 paper by Sun et al., the
same model was once again tested, but on this occasion, against some large scale data for the
morphology of the fan delta of the Yellow River, China. In each of these 3 papers, different values
have been adopted for the various coefficients and exponents in the equation, so the respective values

nominated for each paper are presented in Table 1.

o s b r oy T n
Parker et al. 1998 163 34 0 10 0 2.5
Whipple et al. 1999 1a 0237 0.1a7 f.95 0132 18
Sun et al. 2002 1125 297 0 15 0 2.5

Table 1. Assigned values for parameters in the Parker et al. equation

2.4 Prediction of spillage from a tailings dam failure

A model was developed for the prediction of the mass flow of tailings from a failed embankment.
(Jeyapalan et al.1983a, 1983b) This model predicted the speed and the geometry of an avalanche type
flow as it poured out through the breach in the basin. Jeyapalan et al. conducted flume experiments
with a 6 ft long x 1 ft wide fish tank type flume, in which viscous oil was used as an analogue to the
tailings. A volume of oil was confined at one end of the flume behind a vertical wall located 4 ft from
the far end. The wall was quickly removed vertically to release the oil, which then spilled forward in a
tongue-like shape that was periodically photographed with a clock in view. The speed of the tip of the
tongue, and the height of the tongue were predicted very well by the model presented by Jeyapalan et
al. However, the point at which a tailings flow stops, which Jeyapalan et al. referred to as the freezing
point, was not predicted for the presented flume experiments, because the freeze time predicted by the
model required the tailings to have a yield stress. The oil used in his flume did not have a yield stress,
so the flow did not reach a freezing point, and the fluid eventually levelled out to a uniform depth in the

base of the experimental tank.
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Jeyapalan et al. did not focus on the prediction or formation of tailings beach slopes, nor did they create
their model with this objective in mind. These workers did not consider the channel flow mechanism
that causes tailings deposition on a beach. Their model was not based on the continuous discharge of
tailings slurry from a spigot. For these reasons, the Jeyapalan model is not investigated further for the
modelling of tailings beach slopes. However, the Jeyapalan et al. model is discussed here because of
its relevance to other work done using similar physical concepts, but with a view to predicting tailings

beach slopes, such as the work of Blight & Bentel (1983) and that of Sofra & Boger (1996).

2.5 Slump of tailings pastes

Research was also recently done to model the slumping behaviour of tailings pastes (Nguyen & Boger
1998; Pashias et al. 1996; Sofra & Boger 2001) and other “yield stress fluids” (Coussot et al. 1996),
with much research done on the rheology of tailings slurries (Clayton et al. 2003; Nguyen & Boger

1998)

Pashias et al. (1996) attempted to characterise the slumping behaviour of yield stress fluids, with a
particular focus on tailings pastes. These workers conducted research in the rheology of yield stress
fluids in an attempt to investigate any relation between the slumping behaviour of the fluid and the
yield stress of the fluid. They explored the applicability of the standard slump test — a commonly used
basic field test for gauging the flow behavior of wet concrete — for measuring the yield stress of tailings
slurry and other yield stress fluids. They found that the slump test was highly applicable in this
capacity, and was thus able to lead to a simple alternative test for the determination of the yield stress
of a fluid. They then posed the notion of a “50 cent rheometer” on the basis of the standard slump test
cone being replaced with a cylinder that could be served with the use of a short piece of pipe, such as

the mid-section of a soft drink can.
Coussot et al. (1996) investigated the flow of a finite volume of a yield stress fluid on an inclined plain.

A fully theoretical approach was taken in developing a 3 dimensional model, and experimental results

were gathered through experimentation with kaolin clay slurries on an inclined plane. It was stated
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that the longitudinal profile of a finite blob of yield stress material could be described with the

following equations:

D=H —In[l+H| (29)

D = pgd(sin 8)* /7, cos(6) (30)

where D is the dimensionless distance from the leading edge of the deposit, H is the dimensionless
height of the deposit, p is the density of the slurry, g is the acceleration due to gravity, d is the distance
from the leading edge of the deposit, € is the angle of the underlying plane and 7, is the yield stress of
the slurry. It can be seen that this equation, like that of Blight & Bentel (1983), also equates to

DuBoy’s equation.

The experimental data provided excellent validation to their model, though it was found that their
model, when applied to the prediction of the slump of wet concrete on a flat plane, overestimated the

spread of the concrete.

Sofra & Boger (2001) investigated experimental flume tests on a small scale to measure the angle of
repose exhibited by 3 different tailings pastes at various concentrations and slopes. The test was done
in such a way that a discrete paste sample was released from a container at the head of the flume rig by
the removal of a sluice gate, similarly to the experiments done by Jeyalapan et al. (1983b). The paste
would then run down the slope a certain distance and stop before it reached the bottom of the ramp.
The slope at the toe of the flow would then be measured. They presented their findings graphically,
and found that the following relationship could predict the angle of repose of a paste flow down an

inclined plane:

7,1
0= f] —2" 31
o) .
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where: @ is the angle of repose (in degrees)

7, is the yield stress (Pa)

1 is the viscosity (Pa.s)
p is the slurry density (kg/m®)

W is the width of the inclined plane (m)

g is the acceleration due to gravity (m/s?)

Vv is the initial velocity of the flow (m/s)

From the graph that was presented in their paper, a gradient of 2.667 x 10° has been calculated for the

line of fit for their data, producing the equation:

0 = 2.667 x 10° (ZTW}—ZJ (32)
P gv

Despite their claim that their model predicted tailings beach slopes, the approach of Sofra & Boger was
not relevant to the formation of a tailings beach. Like Jeyapalan et al. in their modelling of tailings
dam failures, these workers did not consider the channel flow mechanism that causes tailings
deposition on a beach, nor did Sofra & Boger consider the continuous discharge of tailings slurry from

a spigot either. Both of these processes are essential in the formation of a tailings beach.

Another incompatibility between the approach of Sofra & Boger and the process of tailings beach
formation was the comparatively high viscosities of the pastes tested by Sofra & Boger. The range of
yield stress values exhibited by the pastes tested by Sofra & Boger was between 17 and 210 Pa, while
tailings slurries discharged on a beach typically exhibit yield stress values between 0 and 30 Pa. A
paste with a yield stress value of 200 Pa would not be viable for discharging onto a tailings beach for a
number of reasons: it would be very expensive to pump; it would not spread out in thin layers to dry
and gain strength; it would pose a significant threat of slump failure because of this low development of

strength; and it would quickly bury the discharge spigots.
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It is noted that the work of Blight & Bentel (1983) could also be included in this section. Instead of
considering the shape formed by a yield stress fluid, Blight & Bentel were solely interested in the angle
of repose of an evenly spread layer. It can be seen that their equation for the angle of repose (equation

16) is very similar to that presented by Coussot et al. (equation 30).

2.6 An ongoing problem

Unfortunately, much of the work discussed above can not be regarded as presenting a reliable, general,
and easily applied method of tailings beach slope prediction. Some of the models are not accurate, as
will be shown. Some of the models are not simple to apply. Some of the models are limited in either
catering to such a specific tailings discharge situation (such as a limited ore type, or for very low
segregating concentrations or for very high concentrations), and others are impossible to apply without
knowing an “initial” beach slope, effectively defeating the purpose of the exercise. Many authors seem
to have taken the path to profile prediction instead of slope prediction; despite their own admission of
there being the need for a slope prediction method, and some workers seem to have incorrectly

proclaimed their research to be on tailings beach slopes when in fact it was not.

In consideration of numerous observations the of tailings discharge behaviour in real tailings storage
facilities (Pirouz 2006; Williams & Meynink 1986) as well as the author’s own observations that are
noted in section 1.6, it becomes apparent that many of the previous workers have incorrectly identified

the mechanisms that take part in the formation of a tailings beach.

This incorrect identification is most evident with the number of miniature scale “fish tank” flume
experimenters (Blight et al. 1985; Boldt 1988; Fan & Masliyah 1990; Fourie 1988; Kupper 1991;
Ribeiro & Assis 1999; Wates et al. 1987; Williams & Morris 1989), in which the channel flow
behaviour of hydraulically discharged tailings slurry never actually occurs in their flumes because of
the minute flow rates that are being applied. Low flow rates were adopted in an order to allow the
tailings particles to gently settle inside the flume to form a deposit, with many of these experiments
conducted at very low concentrations. In many of these cases it appears that the workers are not aware

of the critical influence of the naturally occurring channel formation. Though it could be said that fish
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tank exercises enable the observation of particle deposition in a controlled environment, it is critical
that the process being observed in the flume can be correctly identified in full scale tailings discharge if
it is to be claimed as a method of tailings beach modelling. The work of Fourie (1988) provides a good
example, in which a non-segregating slurry is producing convex profiles in his flume, to his surprise.
Many of the other miniature flume experimenters also seem to make a similar assumption that the mini
“beach” forming in their flumes is just that; a mini beach. It was evident that they expected that their
mini beach could be scaled up in some way to produce some meaningful information about the full
scale behaviour of a tailings discharge scenario. When it became evident that the flume beaches were
not giving realistic slopes, they tried to apply their flume experimental data to the prediction of beach
profile curvature instead. It has not been said that fish tank flume deposits are not miniature beaches,
but it should have been, and it is being said right now. Fourie’s findings should have led these workers
to consider this possibility. Until Fourie’s work, most of the previous studies observed concave
deposits, which were comparable to real tailings beaches, even if the slopes were not. With Fourie’s
finding, not only the fact that fish tanks don’t form mini versions of real tailings beaches should have
been realised, but also, it should then have been realised that the degree of curvature of the deposit
formed inside a fish tank flume is not indicative of the degree of curvature of a full sized tailings beach

either.

Another interesting comment to be made about some of the articles presented earlier on in the
literature, such as those by Fourie (1988) and Blight (1987), is that no apparent regard has been made
for the rheology of a slurry. Instead, all focus is on the solids content. Fourie is blatant in his
comparison of different types of slurries on the basis of solids contents, without any regard for the
possibility that a coal slurry at a given concentration might exhibit different flow characteristics to a

nickel ore slurry at the same concentration.

Another example of the incorrect identification of the processes of tailings beach formation can be
found in the work of Sofra & Boger (2001). These workers experimented with tailings pastes,
observing the rapidly occurring slump of a measured quantity of paste being released on an inclined

ramp. They claimed that these experiments were creating miniature versions of thickened tailings
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beaches, but once again, this was an example of tailings researchers failing to consider the physical

processes that take place on a tailings beach.

The theoretical approaches of Morris and McPhail can both be seen to appreciate the critical effect of
the self formed channel of tailings on the resulting beach slope. Not only do both these workers note
the occurrence of channels on a tailings beach, but they also tackle their respective beach slope models
from a channel flow perspective. Unfortunately however, neither of their respective models offered a

means of beach slope prediction.

Blight (1994) reviewed some of the work to date that had been achieved in the field of tailings beach
modelling, and made the following statement: “At present there is no rational or adequate empirical
method for predicting the average gradient for a beach”. Later on in the same work Blight stated, “At
present there appears to be no satisfactory expression for predicting the average beach slope”. This
sentiment was resounded more recently by Pinto and Barrera (2002) upon a further updated review of

literature pertaining to tailings beach slope prediction.

From the literature reviewed here, some effort will be made to validate each of the slope prediction
models against new experimental data as well as some independently collected experimental data and

full scale tailings beach slope data. This work will be presented in Chapter 4.

All of the work that has been discussed in this chapter has focused on the prediction of tailings beach
slopes (or the slope of some related material) in a two-dimensional context. Later in this thesis the
three dimensions of a tailings storage facility are considered, with Chapter 6 presenting some

discussion and modelling of three-dimensional tailings beaches.
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Chapter 3: Experimental Work

3.1 Experimental Rationale

In section 1.6 it was reported that a non-segregating tailings slurry forms its own channel as it runs
down a tailings beach. This process has been observed and described by Williams & Meynink (1986),
Pirouz et al. (2005) and Fitton et al. (2006). These authors all asserted that the channel runs at a slope
that is sufficient to keep all the slurry particles transported downstream, but not so steep as to erode the
underlying beach. All of these authors suggested that the channel slope dictates the slope of the tailings
beach. Documenting some related experimental work with sand-water mixtures, Winterwerp et al.
(1990) referred to this critical slope of the channel as the “equilibrium slope”, named as such because it
was sufficiently steep to enable the transport of all of the slurry particles whilst not being so steep as to
erode the underlying bed of deposited particles, thereby effectively placing the opposing effects of

erosion and deposition in equilibrium.

The experimental phase of this research project set out not only to investigate this channel flow
behaviour of tailings slurry, but to generate some useful data to allow quantitative analysis to be done.
In order to gather such data, a flume was seen to provide a useful means for simulating the open
channel flow of tailings slurry at a variety of slopes, flow rates and concentrations, with an approach
similar to that of Winterwerp et al. (1990). Unlike monitoring the discharge of slurry down an
established beach like the work described by Boldt (1988), the use of a flume presented two major
advantages: firstly, it enabled the testing of differently sloped channels; and secondly, the flume
allowed good access to the channel for probing and close measurements to be made of velocities,

concentrations, depths, and channel width.

3.2 Experimental Programme

Two major experimental phases were undertaken for this project. The first phase consisted of large
scale field experiments that were conducted at two mine sites in Australia. The first experimental

campaign took place from 24™ May to 1* June 2004 at the Peak Gold Mine in Cobar, New South

Tailings beach slope prediction Tim Fitton




Chapter 3 — Experimental Work 57

Wales; and the second occurred between 17" February and 17" March 2005 at the Sunrise Dam Gold
Mine, in Western Australia. The second phase of experimental work was undertaken between 31

January and 7" March 2007 at RMIT University in Melbourne, Australia, using a small scale flume.

3.3 Phase 1: Large scale field experiments

3.3.1 Experimental Objectives

The primary objective of the experimental work was to observe the equilibrium slope of tailings slurry
running down a flume of adjustable slope so that the effects of changing the slurry concentration and
flow rate could be observed. Numerous secondary objectives were also planned, such as the
measurement of velocity and density at specific points within the flow. Taking velocity measurements
across the flume at a particular cross section would allow the velocity profile at this cross section to be
constructed, which could then provide significant evidence in identifying whether the flow was
turbulent or laminar under equilibrium slope conditions. As well, velocity and depth measurements
taken at various points along the length of the flume would indicate whether uniform flow conditions
had been reached in the flume. Density measurements taken at specific points within the flow would
enable the plotting of density profiles with respect to depth. This could then provide evidence of
settling behaviour of the particles in the slurry, as well as some further indication of turbulent or
laminar flow conditions. Sampling of slurry from specific locations within the flume was another
objective of the large scale experimental work. Particle size analysis of these slurry samples would
then provide an indication of segregation occurring in the flume. Rheological measurements of the
tailings slurry at various concentrations was also planned. This rheological testing would allow the
non-Newtonian nature of the fluid to be characterised with flow models in later analysis. Another
experimental objective was to measure the cross sectional shape of self-formed tailings channels. The
channel shape is not only required for calculating parameters that are essential to the analysis of open
channel flow, but also for confirming that the adopted cross-sectional shape of the flume is

representative of the channels that occur on a tailings beach.
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Interesting and relevant anecdotal and qualitative data could also be gleaned from these field

campaigns too, through a number of avenues:

e Observations of tailings discharge, transport and deposition on the beach. This behaviour
could be observed for the slurry discharged from the processing plant as well as for the

modified outflow from the flume.

e Advice and experience passed on from the operations personnel at the mines.

3.3.2 Flume for large scale field experiments

On the basis of the experimental rationale (Section 3.1) and objectives (Section 3.3.1), a flume was
designed and constructed for the large scale field experiments. The flume was designed to emulate the
flow conditions experienced by tailings slurry that is flowing in self formed channels on a tailings
beach as closely as possible. It was intended that the flume would enable the testing of tailings slurry
being directly discharged at the mine site at a flow rate that is typical of that discharged from a spigot
onto a tailings beach, so it was necessary for the flume to be reasonably sized to achieve this. From
studying the sizes of self-formed channels on tailings beaches, a flume length of 10 meters was chosen
on the basis that it would be sufficiently long to enable the development of uniform flow. This figure
was calculated from the work presented by Shenoy & Mashelkar (1983), in which it was reported that
the entrance length for fully developed turbulent flow was 13D for flow with a Reynolds number of
6000, and greater for higher Reynolds numbers, where D is the diameter of the pipe. It is expected that
the Reynolds numbers encountered in the flume will be between 1000 and 5000, so this figure of 13D
should provide a conservative estimate for the entrance length. Applying the geometric conversion of
D = 4Ry (where Ry is the hydraulic radius of the channel), it is calculated that the entrance length for
turbulent flow in a channel with a Reynolds number of 6000 would be equal to 52Ry. The hydraulic
radii of the channels found on tailings beaches range from 15 to 50 mm for flow rates ranging between
2 and 25 litres per second. Therefore, the development length required in the flume was calculated to
be between 0.8 and 2.6 meters for flows of these magnitudes. The exit length (the downstream section
affected by a gradual decrease in depth as a result of the increase in surface velocity) in the flume was
also considered in the design. Yen (2003) suggested an exit length that was half of the entrance length

for laminar open channel flow, while Bhagoria et al. (2001) used an exit length half the entrance length
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for an experimental air duct system flowing turbulently. On this basis, it was conservatively assumed
in this work that the exit length would be equal to the entrance length; ie, 2.6 m for the maximum

design flow rate. The length of 10 metres would therefore be sufficient to provide a test section of fully

developed flow some 4.8 to 8 metres in length in the mid section of the flume.
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Figure 9. Flume apparatus diagram (grey areas indicate slurry flow profile)

Figure 10. Side view of the flume
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Figure 11. Photo of the flume from above whilst flowing at an equilibrium slope

3.3.3 Channels for the flume

The choice of two semi-circular channels of 425 mm internal diameter and 340 mm internal diameter
for the flume channels was based on measurements taken of self formed channels at Peak Gold Mine in
Cobar, as well as the commercial availability of pipes of suitable size. In channels with soft
boundaries, a concentration probe was used to determine the effective boundaries by logging slurry
concentrations at specific depths and lateral positions at a given cross-section. It was found that the
concentration increased suddenly at a specific depth, which was deemed to be the bed of the channel.
This data was used to generate cross-sectional profiles for these channels. It was also found that dry
beds of old channels no longer flowing could provide some useful channel shape data with greater ease,
since a ruler could be used instead of the blind probing technique used for flowing channels. However,
in such cases there was uncertainty imposed by tailings that had remained in the channel upon the
cessation of flow. Some efforts were made to scrape the leftover tailings from the channel in an
attempt to expose the stiffer bed material. Upon consideration of the cross sectional shapes of these
self-formed channels, it was found that the arc formed by part of the circumference of a suitably sized
pipe approximated the shape of a typical self-formed channel. A selection of the measured self-formed

channel profiles with superimposed pipe arcs appear in Figure 12. The interior surfaces of the artificial
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channels were lined with coarse sand, which was intended to capture some settled tailings particles to
provide an equivalently rough boundary to that which would be found in a self-formed channel. The
final consideration in the emulation of the channels on a tailings beach was the aspect of seepage and
permeability from the channel boundaries. It was felt that the rate of seepage into the underlying
tailings on a tailings beach was sufficiently low compared to the flow rate of the channel to enable this
effect to be ignored in the flume. Having considered the aspects of channel length, shape, roughness
and permeability in the flume, it is asserted that the flow conditions in the flume would be effectively

equivalent to that experienced in a self-formed channel on a tailings beach.

Investigation of self-formed channel shape
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Figure 12. Investigation of self-formed channel cross sectional shapes at Cobar

3.3.4 Tilting mechanism for the flume

Two supporting trestles and chain-block enabled the tilting of the flume to slopes between horizontal
and 7% below horizontal (meaning that the downstream end of the flume could be lowered as much as
0.7 meters below the elevation of the upstream end). A photograph of the trestle and chain block is
presented in Figure 13. The calibration of the slope of the flume was achieved with the use of an

automatic level.
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Figure 13. Trestle at downstream end of flume with chain block for raising/lowering of flume

3.3.5 Slurry feed system

A plunge box was located at the upstream end of the flume. Fresh tailings slurry was supplied to the
plunge box through a 150mm diameter High Density Polyethylene (HDPE) pipe with an outlet about
20 cm above the plunge box floor. A diaphragm valve was installed in the pipe to allow adjustment of
the flow rate of tailings slurry. Approximately 20 m upstream of the plunge box, a second HDPE pipe
carrying water was connected to the tailings supply line to allow dilution of the slurry feed. This
enabled testing of various concentrations of slurry in the flume. The plunge box was designed to
introduce the slurry into the channel as weir overflow, with as much dissipation of the exit velocity

from the feed pipe as possible.

3.3.6 Flow measurement system

At the downstream end of the flume a flow measuring box was placed to facilitate measurement of the
flow rate by means of an opening gate, a level indicator and a stopwatch, all of which enabled the
recording of the time taken for the flume discharge to fill a specific volume. The dimensions of the box
were 1.20 m length, 1.00 m width and 0.50 m height, but the full height of the box was never used for

flow measurements for a number of practical reasons: firstly, the base of the box constantly collected a
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build-up of settled tailings particles that required periodic shovelling out, so the measurement was
always started a few centimetres above the base to avoid any geometric intrusion of deposited material.
A basic depth gauge marked in 10 cm intervals was placed in the box to enable depth measurement
from a reasonable point above the base of the box. Another reason the full height of the box was never
used was because of spillage in times of high flow rates, with slurry violently splashing out of the box
as the lip was reached. Finally, for the lower flow rates, a depth of 10cm was sufficient, since the time

taken to fill a 10 cm horizontal section of the box at 3 litres per second would be 40 seconds.

Figure 14. Flow measuring box with gate open (left) and closed (right)

3.3.7 Equilibrium slope measurement

The primary aim of the experimental work with the flume was to determine the equilibrium slope for a
given flow regime. Each flow regime was defined by a nominated flow rate and concentration. By
trial and error the slope of the flume would be adjusted until an equilibrium slope for each flow regime
was found. The means by which an equilibrium slope was determined depended on the presence of
deposited slurry particles on the flume bed. If particles were found to settle on the flume bed, then the
current slope was deemed too flat, and the downstream end of the flume was lowered. If no
sedimentation was observed after 20 minutes of steady flow, then the slope was deemed to be too steep,
and the downstream end of the flume would be raised. Eventually these converging upper and lower
limits would lead to an equilibrium slope, with the entire process typically taking a few hours. This
approach was essentially the same as that used by Winterwerp et al. (1990) in their experimental

research with channel equilibrium slopes of sand-water mixtures. The means by which deposition was
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detected consisted of 3 measurements; periodic monitoring of the surface levels, periodic ‘feeling’ of
the channel bed by hand, and in the case of extreme deposition of sediment, visual observation of a

significant rise in the surface level of the flow in the flume in the region of deposition.

The upper limit of the slurry concentration available for a flow regime was dictated by the
concentration of the raw tailings slurry being supplied by the process plant, but achieving lower
concentrations was possible whilst the supply of water to the flume was available. Flow rate upper
limits were dictated by the pressure available in the tailings supply line, but furthermore, achieving
large flow rates at low concentrations was also limited by the available pressure in the water supply
line. A lower limit to concentrations was imposed by the mine operators at both mine sites who
requested that very low slurry concentrations be avoided in the interests of minimising erosion to the
established tailings beach. This request thereby prohibited the running of clear water through the field
flume. Some attempt has been made to address this lack of clear water data during the validation of
open channel flow models by considering a separate set of experimental data that consists solely of

clear water runs in a similarly large scale flume, which is discussed in section 5.2.5.

In total, some 9 equilibrium slopes were recorded during the Cobar programme, while 41 were
observed during the Sunrise Dam programme. These equilibrium slope results are presented
graphically in Figure 15. A numerical summary of these equilibrium slopes is presented in Table 14 of
Appendix A, whilst a full record of all the chronologically logged measurements from the Sunrise Dam

experimental campaign can be found in Table 15 of Appendix A.
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Equilibrium Slope Experimental Results
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Figure 15. Equilibrium slope results from the two experimental large scale field campaigns

The equilibrium slope results presented in Figure 15 suggested the following points:

e Below a certain concentration, it was evident that segregation was occurring in the flume,
resulting in significantly reduced equilibrium slopes. The group of points that appear in the
bottom left region of the graph all resulted from segregating regimes of flow. In these
segregating flow regimes, touching of the channel bed with one’s fingers found that the
sedimentation that occurred in the flume below the equilibrium slope was different to that
observed in the other flow regimes, in that they produced a hard deposit of large particles near
to the downstream end of the flume, while the other non-segregating regimes typically
produced a soft slimy deposit of smaller particles near the upstream end or the middle of the

flume at slopes flatter than equilibrium.

e  Equilibrium slopes are inversely proportional to the flow rate. High flow rates result in low

equilibrium slopes; low flow rates give steeper equilibrium slopes.

e Low concentrations would appear to yield flatter equilibrium slopes than higher
concentrations. This trend is not as strong as the effect of flow rate on the channel equilibrium

slope.

o At low flow rates the effect of segregation reduces. It can be seen that flow rates below about
3 litres per second allowed some slurries of relatively low concentrations to reach steeper

equilibrium slopes than the other segregating runs did at higher flow rates. This finding has
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significant implications with respect to flume tests at flow rates below about 3 litres per
second, and presents another critical issue for those working with experimental flumes with

flow rates much lower than this value.

3.3.8 Local depth measurements

Depths of flow were measured at specific points along the flume for two reasons:
e To detect solids deposition in the flume, which causes a rise in surface levels
e To construct surface profiles along the length of the flume, thereby checking for fully
developed uniform flow.

These depth measurements were made using a steel ruler, measuring the distance from the fluid surface
to fixed points above the fluid surface. The offset distances to the flume bed from these fixed points
were also noted so that the depths could be deduced. This method enabled the depth measurements to

be made without immersing the ruler (or any other instruments) into the flowing slurry.

Figure 16. A depth measurement being read
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3.3.9 Local velocity measurements

Velocities were measured at specific points within the flume flow for two reasons:

e To construct velocity profiles at a specific cross section in the flume, which then provides

evidence of laminar or turbulent flow conditions

e To measure velocities at various points along the length of the flume, which can test for fully

developed uniform flow

Measurement of fluid velocities at specific locations within the channel flow was enabled through the
use of a Delft E-30 velocity probe, which generates an electromagnetic field from 5 electrodes mounted
in the bottom surface of an ellipsoid head some 33 mm in diameter and 11 mm thick. The probe
senses fluid motion in this electromagnetic field in a region reaching out about 5 mm from the
electrodes, with an operating range of 0 — 2.5 m/s. (Delft 2006) Due to the requirement for all 5
electrodes to be immersed in the fluid without any air interaction at the surface, it was found that the E-
30 probe could not measure fluid velocities at depths less than about 5 mm. It was also found that the
width of the ellipsoid head of the probe prevented velocity measurements from being taken within
about 17 mm of the boundaries of the half pipe, though near the centreline, measurements could be

taken close to the channel bed because the probe sensors could get close to the channel bed.

A traversing jig was fabricated by Mr Mike Allen at RMIT University for holding either the velocity
probe or the density probe in place whilst it was taking measurements, which enabled vertical
positioning of a probe to 0.1 mm of a desired depth and lateral positioning to 1 mm due to the inclusion
of a digital calliper on the vertical dipping mechanism and a tape measure rigged to the lateral

traversing mechanism.
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Figure 17. Traversing jig with the velocity probe attached. Note that slurry flow is very low.
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Figure 18. Axial velocity profiles recorded for 8 different flow rates at Cobar
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Centreline Axial Velocity vs Depth: Sunrise Dam
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Figure 19. Axial velocity profiles recorded for 9 different flow rates at Sunrise Dam
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Figure 20. Raw axial velocity data collected by the velocity probe at a rate of 10 Hz.

The velocity—depth profiles presented in Figures 18 and 19 show that the axial velocity at any cross
section within the flume at either mine site typically decreases rapidly with depth in the bottom 20% of
the depth, but the top 80% can vary from gently decreasing velocity with depth, to uniform velocity
distribution, to a bulging profile with the maximum velocity occurring approximately 20% of the depth

down from the surface. These plots provide evidence of turbulent flow occurring in the flume, since
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under laminar flow conditions one would expect to see a steady linear drop in velocity with depth. The
velocities presented here are time averaged points, measured over a 30 second period at the rate of 10
Hz. This was necessary because the measured instantaneous velocities fluctuated significantly as a
result of the turbulence in the channel. An example of this behaviour can be seen in Figure 20, where a
10 second stream of raw velocity data gathered by the velocity probe is presented, featuring significant
fluctuations in the individual readings that were being recorded every tenth of a second. These

readings strongly indicate the presence of turbulent eddies travelling past the probe sensors.

3.3.10 Local concentration measurements

Measurement of fluid density at specific locations within the channel was enabled with the use of a
Delft Conductivity Concentration Meter (CCM) probe whilst the electrical conductivity of the fluid
remained below a maximum operating value of 60 mS/cm. This probe measured the conductivity of
the slurry with the transmission of a current across 4 electrodes mounted in a 10 mm x 2 mm probe tip,
with an attached resistance meter used to calculate an effective slurry concentration after calibration
with a sample of decant water extracted from the slurry. (Delft 2006) Unfortunately the conductivity
of the decant water used in the tailings slurry at Sunrise Dam gold mine was some 5 times greater than
the operating limit of the CCM probe, thereby prohibiting its use at that mine site. The complete set of

concentration profiles recorded at Cobar appears in Figure 21.
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Concentration vs Depth: Cobar
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Figure 21. Conductivity Concentration Meter (CCM) probing of the flume at Cobar for 9
different flow rates

The solids concentration of the slurry at all of the measured cross sections in the flume appears to be
uniform throughout the upper 90 percent of the depth of flow under equilibrium slope conditions, with
the bottom 10% of depth increasing rapidly. (Figure 21) It is thought that this rapid increase in
concentration is due to the higher concentration of particles expected to exist in the laminar flowing
boundary layer of the channel, though it may alternatively be the result of the probe simply being too
close to the channel base, thereby generating artificially high concentration values. Figure 21 clearly
demonstrates a homogeneously mixed profile for the major portion of the depth in the channel, which
would suggest a lack of segregation of particles. This would also suggest that the flow is turbulent
across most of the cross-section, with the turbulence sufficient to keep all the particles evenly scattered

across the full depth of the channel.

3.3.11 Concentration measurement of flume discharge

On-site measurement of slurry concentration was enabled with the use of a Marcy density scale (shown
below in Figure 22). This is a sprung scale with a bucket of known volume hanging from it. The

bucket is filled to the same level every time, ensured by means of two overflow outlets. Marcy gauge
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readings were later adjusted by calibration with more accurate data gained from oven dried samples of

slurry.

Figure 22. Marcy density scale (left) and 1 litre plastic bucket with notch weirs (right)

Samples of the two tailings slurries were dried in an oven at 100°C for 12 hours to calibrate the Marcy
scale readings with accurate total solids (T.S.) concentrations of the slurries. Samples of decant water
from the slurries were also oven dried to determine the concentration of dissolved solids (D.S.) present

in each.

For the Cobar tailings, the decant water was found to contain 0.78% w/w dissolved solids, giving it a
specific gravity of 1.00. The total solids was found to be uniformly 3.5% less than the Marcy readings

across the range of concentrations tested, which can be expressed as:

T.S.copr = Marcy -3.5 (33)

The Sunrise Dam decant water contained 19.1% w/w dissolved solids, with a specific gravity of 1.15,

whilst the total solids fit the following linear relationship against the corresponding Marcy data:

T.S

**~*Sunrise Dam

=1.3589x Marcy -19.267 (34)
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The Cj data presented in Figure 15 (and Table 14 in Appendix A) and has been corrected from the raw
Marcy readings that were recorded on site, using the applicable one of equations 33 and 34 and the

following equation:

_D.S.(100-T.S.)*

Cy =T.S. (35)
" 100°
where all values, including Cy,, are expressed as percentages, or otherwise;
Cy, =T.S.-D.S.(1-T.S.)* (36)

where all values, including Cyy, are expressed as decimal fractions.

3.3.12 Particle size analysis

Particle Size Distribution (PSD) analysis was undertaken in both experimental programmes in an
attempt to detect the possible presence of segregation (hydraulic sorting) within the 10 metre length of
the flume. Using a modified syringe, fluid samples were extracted from the flume 10 mm below the
channel surface and 10 mm above the channel bed at 3 positions along the length of the flume.
Samples were also collected from the plunge box as control readings. The samples were later tested
using a Malvern Mastersizer X to generate particle size distribution curves. This particle sizing
instrument determined the size of particles in a highly diluted fluid sample by means of laser beam
photons being scattered as they travel through a sample of the fluid. The makers of the instrument
claim it can measure particle diameters in a range of 0.1 pm to 600pm. (Malvern Instruments 2007)
This operating range makes this instrument ideal for the particle size analysis of tailings slurries, with

particles typically falling well inside this size range.
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Figure 23. Particle Size Distribution curves for one of the non-segregating equilibrium flow
regimes at Sunrise Dam
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Figure 24. Particle Size (90th percentile) vs. position and depth in the flume for a non-segregating
flow regime at Sunrise Dam
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Figure 25. Particle Size (90th percentile) vs. position and depth in the flume for a segregating
flow regime at Sunrise Dam

Particle size distribution (PSD) analysis (Figures 23, 24 and 25) showed that for non-segregating
regimes the distribution of particles within the flume generally remained the same, irrespective of depth
or distance travelled (Figures 23 and 24). This suggests that there was no segregation (hydraulic
sorting) occurring in the flume at these concentrations. However, where segregation was detected in
the flume (when the hard deposits of particles formed near the downstream end of the flume as
described in section 3.3.7), the PSD analysis supported this, with consistently larger particles seen near
the bottom of the flume than at the surface at all positions along the length of the flume (Fig 25).

Further evidence of this segregating behaviour can be seen in Appendix B.

It was found that the Sunrise Dam tailings particles had a mean ds, value of 16 um, while the mean ds,
for Cobar was found to be 7.8 um. Mean dss values were 140 um for Sunrise Dam and 51 pm Cobar

respectively.

3.3.13 Rheological analysis

Rheometric analysis was performed on samples of the two tailings slurries at a number of

concentrations to determine the viscous behaviour of these slurries over a range of shear rates that
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would enable the fitting of rheological models as a function of concentration for further analysis of

these fluids with open channel theory.

Rheological analysis of the tailings slurry at the Peak mine in Cobar was achieved with the use of a
portable Thermo-Haake VTS50 rheometer with MV2 bob and cup measurement system. This
instrument is classed as a Couette rheometer (or concentric cylinder rheometer), implying that it shears
a fluid sample in the annular space that is formed between a cup and a cylindrical bob that is inserted
into the cup and rotated about its vertical axis. The MV2 bob has a vertical length of 60 mm and a
diameter of 18.4 mm, with the annulus to the inner surface of the cup being 2.6 mm. The shear rates
applied to the slurry ranged from 0.48 to 595 1/s, and the slurry was kept at a temperature of 36°C,
which was representative of the temperature of the slurry in the flume. The concentrations of slurry
tested were (in % w/w) 58.1, 55.3, 52.2, 48.8 and 44.4, which covered the range of slurries run through

the flume at Cobar.

The rheometric analysis of the Sunrise Dam slurry was done with a Contraves Rheomat 115 Couette
rheometer, using a 45 mm diameter bob with vertical grooves etched into the surface to reduce slip.
The length of the bob was 68 mm, and the annulus to the inside surface of the cup was 1.89 mm. The
shear rates applied to the slurry in the Rheomat 115 rheometer ranged from 0.1 to 400 1/s, and the
slurry was kept at a temperature of 36°C, which was again representative of the temperature of the
slurry in the flume at Sunrise Dam. The concentrations of slurry tested were (in % w/w) 65.9, 60.6,
56.7, 52.0, 47.2 and 44.9. 1t is noted that a few of the flow regimes tested in the flume featured
concentrations that lay below this figure of 44.9%, but it can be seen from Figure 27 that the shear
stress values of the Sunrise Dam tailings slurry are very low below concentrations of 47%. The higher
shear rates exerted by the rheometer on these weaker concentrations caused turbulence in the sample,
producing shear stress data that was inaccurate. For this reason the rheogram data for the 47.2% and
44.9% concentrations was removed for shear rates above 100 1/s, and for the same reason
concentrations below 44.9% were not tested. The calculation of rheological parameters for these lower
concentrations was done by extrapolation from the higher concentration data. Figure 15 shows that
flow regimes with concentrations below 44.9% w/w all yielded relatively flat equilibrium slopes

around 0.8%, so it is asserted that this extrapolation of rheological parameters for the slurries with
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concentrations below 44.9% w/w would incur negligible errors in the overall predictions of beach

slope.

Rheometric correction

Some effort was made to apply corrections to the rheometric data to allow for the inaccuracy of the
reported shear rate from a Couette rheometer in which a Non-Newtonian fluid is tested, but this
correction was found to be significantly smaller than the experimental error. It was thus deemed that

the rheometric correction added no value to the data. This topic is discussed in more detail in

Appendix N.
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Figure 26. Rheogram for various concentrations of Cobar tailings slurry
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Sunrise Dam Rheograms
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Figure 27. Rheogram for various concentrations of Sunrise Dam tailings slurry

The rheological testing done on each of the tailings slurries has been presented above in the standard
shear rate vs shear stress plots commonly referred to as “rheograms” (Figures 26 and 27). These
rheograms show that both slurries exhibit yield stresses and shear thinning behaviour. It is also
apparent that the rheological behaviour of both of the tailings slurries from these two mines is similar

for equivalent concentrations. An effort to elucidate this comparison further takes place in Figure 28,

below.
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Figure 28. Comparison of Sunrise Dam and Cobar rheograms for two similar concentrations that
were tested.
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Figure 28 shows a very close similarity in the rheological behaviour of the two mineral slurries with
respect to concentration. This similarity could lead to the belief that all tailings slurries of a specific
solids concentration exhibit the same flow behaviour, in a similar fashion to that taken by some early
workers in the field (Blight 1987; Fourie 1988). However, this has been shown to be an inaccurate

generalisation by later workers (Coussot et al. 1996; Sofra & Boger 2000).

Rheological modelling

Several slope prediction models required the input of rheological parameters (such as the Blight &
Bentel equation (equation 17) and Sofra & Boger equation (equation 32), amongst others). In such
cases the rheological data gained in the experimental work was used. The conventional approach used
for applying experimentally recorded rheology data is to fit an empirical rheological model to the data
to enable the interpolation of shear stress values as a function of the applied shear rate. The Bingham
plastic and Herschel-Bulkley rheological models were both applied to the rheology data measured for

the two tailings slurries. Some introduction of these models can be found in Chapter 2.

Beyond fitting these rheological models to each rheogram as a function of the applied rate of shear,
various concentrations of slurry that were tested in order to allow the rheological model parameters to
be characterised as a function of the slurry concentration. This would enable a rheogram to be
predicted for that same slurry as a function of the slurry concentration. The weight concentration was
used here for these parameter fit equations (as opposed to the more universally translatable volumetric
concentration) because the fit equations were not posed as being globally effective empirical models.
They were merely applied for the same slurry to interpolate within the range of concentrations that

were tested.

Some care was taken to fit the rheological models to the shear rate range that is of interest to the open
channel flows that occur on a tailings beach. The experimental data was used to back-calculate the
effective shear rate in the open channel flows that were monitored in the flume. The shear rate was

found to be typically between 40/s and 140/s. This work is presented in Appendix O.
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Herschel-Bulkley parameter fits

For both the Sunrise Dam and Cobar tailings slurries, the Herschel-Bulkley model curve in Figure 6
resembled the rheograms for these slurries (Figures 26 and 27) more than either of the other two curves
presented in Figure 6. The fitting of Herschel-Bulkley parameters to these rheograms was executed by
inscribing a curve over each set of concentration data presented in Figures 26 and 27, with the equation
of each curve following the format of the Herschel-Bulkley equation (equation 39). For each curve,
values for the 7,, K and n were selected to provide the best fit to the experimental data. These 7, K
and n values were then plotted against the respective Cy value of the parent data set, as shown in
Figures 29 and 30. Equations were then fitted to these parameter charts which would enable the

calculation of values of 7, K and n for other concentrations of slurry that were not tested in the

rheometer.
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Figure 29. Cobar: Herschel-Bulkley parameter fits as a function of slurry concentration
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Sunrise Dam rheograms: Herschel-Bulkley parameter fit
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Figure 30. Sunrise Dam: Herschel-Bulkley parameter fits as a function of slurry concentration
For the Cobar rheograms, the following Herschel-Bulkley parameter fit equations were gained:
7, =0.0001¢""™ (40)
K =0.0033e""v C,, <52% (41a)
K =0.000011e""'v,C,, >52% (41b)
n=0.8086 (42)
For the Sunrise Dam slurry the Herschel-Bulkley parameter fit equations are as follows:
7, =0.000075¢™"% " (43)
K =0.04+0.0000047¢" " (44)
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n=0.6 (45)

The Herschel-Bulkley fit curves that these sets of equations generate are presented graphically as an

overlay to the Sunrise Dam and Cobar rheograms in Figures 31 and 32.

Cobar Rheograms with Herschel-Bulkley fit
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Figure 31. The Cobar rheograms overlaid with Herschel-Bulkley fit curves.
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Figure 32. The Sunrise Dam rheograms overlaid with Herschel-Bulkley fit curves.
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Bingham model parameter fits

In the cases of the Blight & Bentel model, the Sofra & Boger model and also for some of the work
done in the development of a new beach slope model, it was necessary to generate Bingham model
parameter fits. A similar approach was used as that described above for the Herschel-Bulkley fits, but

using the Bingham equation (equation 37) instead. The parameter fits appear in Figures 33 and 34.
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Figure 33. Bingham model parameter fit chart for the Cobar rheograms
Sunrise Dam: Bingham model parameter fit chart
25 - - 0.03
+ 0.025
20 |
+ 0.02
15 A - oty
= O
& +0015 &
> ~ s K
& X
10 4 . — Kfit
-+ 0.01
5] + 0.005
*
0 ! | | | | 0
40 45 50 55 60 65 70
Cw (% wiw)

Figure 34. Bingham model parameter fit chart for the Sunrise Dam rheograms
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&4

The Bingham model parameter fits for Cobar tailings were as follows:

7, = 4x107e"Y +0.3, Cw>57%

7, = 5%x107e™Y +£0.3, Cy<57%

K =4x10°%e"" +0.0065, Cy>57%

K=22x10°"""Y £0.0065, Cy<57%

The Bingham model parameter fits for Sunrise Dam tailings were as follows:

7, =0.00004¢"* +0.3

K =3x10%e""*v 4+ 0.005

(46a)

(46b)

(47a)

(47b)

(4%)

(49)

The Bingham model fit lines that these sets of equations generate are presented graphically as an

overlay to the Cobar and Sunrise Dam rheograms in Figures 35 and 36.
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Cobar Rheograms with Bingham model fit
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Figure 35. The Cobar rheograms overlaid with Bingham model fit lines.
Sunrise Dam Rheograms with Bingham model fit
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Figure 36. The Sunrise Dam rheograms overlaid with Bingham model fit lines.
3.3.14 Segregation threshold testing
Segregation threshold tests were conducted on samples of tailings slurry from both mines. The

importance of the segregation threshold and its effect in the formation of tailings beaches has been

identified as critical, with segregating slurries forming much flatter beaches than non-segregating ones

due to the deposition of the large slurry particles shortly after exiting the discharge points. (Robinsky
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1978) It was deemed appropriate to measure this segregation threshold so that this assertion can be

tested.

At present there is no standard laboratory test for determining the segregation threshold of a slurry, so
some workers have developed their own in-house testing procedure for achieving this. (Pirouz et al.
2006) This test involves the preparation of different concentrations of the slurry which are each left to
settle in a suitably sized container under static conditions. Some time later a pipette is used to extract
samples from the lower and upper regions of settled bed, with particle sizing then being done on the
two samples. Comparison of these two samples for each tested concentration of slurry then enables the
determination of the concentration at which segregation no longer takes place, which is deemed to be
the segregation threshold. Further research has since been conducted by Pirouz et al. to investigate the
effects of shear on the segregation threshold, which has found that the shearing of a slurry raises the

segregation threshold from the value gained in their static segregation threshold test.

The static segregation threshold tests provided the following results:
Peak (Cobar) tailings slurry: 42%
Sunrise Dam tailings slurry: 47%

It is shown in Pirouz et al. (2006) that the same slurry from Cobar experienced segregation at up to

52% solids when subjected to a high amount of shear.

It is of interest to note the equilibrium slope plot (Figure 15) with the static segregation threshold
results in mind. It can be seen that the effective segregation threshold for the Sunrise Dam slurry
appears to lie between 47.3% and 49% on the basis of the distinct separation of the two groups of
equilibrium slope data, whilst for the Cobar tailings this effective segregation threshold appears to lie

between 46% and 53%.

This finding reflects on the sheared segregation threshold tests that were documented by Pirouz et al.,
and suggests that the static segregation threshold is of little value when considering the open channel

flow of a slurry. Unfortunately though, the method of shearing in Pirouz et al.’s sheared segregation
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experiments was geometrically quite complex, and thus does not lend itself to quantitative analysis to
be compared with other quantifiable forms of shear, such as the shear induced by the channel flow.
From this, it must be said that the effective segregation threshold of these two slurries is presently
indeterminate with the application of the ATC laboratory segregation threshold test, since the shearing
of the slurry in the segregation threshold test needs to be of the same magnitude as that which would be

presented in the flume for these test results to be comparable with the flume results.

As a result of this uncertainty in the determination of the effective segregation threshold of our slurries,
other methods have been considered. It was noted in section 3.3.7 that the presence of segregation in
the flume appeared evident on the basis of the depositing particles forming a hard sandy deposit near
the downstream end of the flume. This could be identified as a method of detection of segregation,
though it makes the task of defining the segregation threshold quite onerous. It would be of significant
value to be able to run a simple laboratory test with a small sample of the slurry, instead of going to the

considerable effort of conducting full scale flume experiments.

The separate grouping of the equilibrium slope data as noted above presents an inferred indication of
segregation, though this involves even more effort than the previously identified method, since this
would require numerous flow regimes to be tested in a flume. This issue demonstrates a significant

need for further development in the testing of segregation threshold of slurries.

On the basis of the findings discussed here, the effective segregation threshold for the Cobar tailings
slurry will be defined as 48%, and for Sunrise Dam the threshold will also be defined as 48% w/w.
These definitions will be used in subsequent chapters in classifying the individual flow regimes into the

two categories of non-segregating and segregating regimes.

3.3.15 Unhindered settling velocity testing

Unhindered settling velocity tests were undertaken at RMIT University in order to calculate drag

coefficients of tailings particles. These tests entailed dropping a single coarse Cobar tailings particle
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into clear water contained in a measuring cylinder of 36 mm internal diameter and 305 mm in height to
observe the terminal settling velocity of the particle. A stopwatch was used to time each descent over a
vertical distance of 200 mm that commenced some 80 mm below the water surface. These coarse
particles were separated from the slurry by diluting a slurry sample and pouring the light fraction off
the top. It was assumed that the diameter of each of these particles was equal to the 85™ percentile
diameter (ds), which was measured to be 51 pm during the particle sizing work documented in section

3.3.12. Thirty-six repeat runs were conducted, with the mean settling velocity being 0.028 m/s.

3.3.16 Static settling tests

A series of experiments were conducted at RMIT University, which monitored the settling of Sunrise
Dam tailings slurry under static conditions for 24 hours. After this time, an obvious division between
the settled material and the clear decant water could be seen. The depth of this section was measured

and the corresponding volume calculated. Various concentrations were tested, with results presented in

Table 2:
Initial Concentration, Cw % wiw 64 57.5 51.1 46.7 41.9
Total volume ml 433 433 433 433 433
Final free water volume ml 66.5 92.8 99.8 124.9 146.8
Water loss (W.L.) % viv 15.4 214 23.0 28.8 33.9
Final settled concentration % w/w 70.8 67.0 60.9 59.0 56.2

Table 2. Results of Sunrise Dam tailings 24 hour static settling tests.

3.3.17 Slurry discharge and deposition observations

During the Sunrise Dam experimental programme, on site stack observations indicated an apparent lack
of any bifurcations in the self-formed channels on the stack. Several self-formed channels were
photographed from their point of inception to their lower reaches further down the beach at Sunrise

Dam, with no evidence of a single stream splitting into two.
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3.4 Phase 2: Small scale laboratory experiments

3.4.1 Experimental Objectives

The objective of the small scale flume experiments was to measure equilibrium slopes for analogue
Newtonian and Non-Newtonian slurries with smaller channel geometry, lower flow rates and much
lower solids concentrations than those tested in the large scale experiments that were documented in
section 3.3. The use of a much smaller channel section would not only allow the effects of scale to be
examined, but also it was seen that different channel cross-sectional shapes could be considered.
Though both flumes had channels of circular cross-section, the surface levels in the small flume were
expected to run around the half full mark of the circular pipe, whereas in the field flume most of the
surface levels were running at depths about 5 to 20% of the pipe diameter. Thus, the range of channel
shapes covered between these two experimental phases would go from semi-circular down to very
wide, shallow segment shapes. This was expected to cover the full range of possible self-formed
channel shapes on a tailings beach. Investigating the effect of different sized particles on the
equilibrium slope was also an objective of the small scale flume experiments. Examining this effect in
the field flume was not possible, since the slurry particles could not be changed from one run to the
next. It was seen that the small scale flume data would enable a more general and powerful means of

validating the models presented in the thesis.

3.4.2 Small flume apparatus

The main component of the small scale flume apparatus was a straight transparent glass pipe of 50 mm
internal diameter and 5.4 metres length, which was run partially full at all times to ensure open channel
flow conditions. A T-piece fitting on the upstream end of the glass pipe performed the functions of a
plunge pool and an entrance weir to minimise the entrance velocity into the flume (see Figures 39 and
40). The flume could be tilted to slopes between horizontal and 8%. A progressive cavity pump was
used to circulate the artificial slurries through the flume, with a flow capacity of 2 to 24 litres per
minute. Flow measurement, density measurement and temperature measurement was enabled by a

Micro Motion F-Series FO50 Mass and Volume Flow and Density Sensor coriolis meter, located
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immediately downstream of the pump. A schematic diagram of the small scale flume apparatus is

presented in Figure 37, while several photographs of the flume apparatus appear in Figures 38 to 41.

To check that the flume length of 5.4 m was sufficient to enable a test section that was free from end
effects, the same approach was applied as was used in section 3.3.2, in which the figure of 13D
presented by Shenoy & Mashelkar (1983) was used to calculate the entrance length. This figure was
for fully developed turbulent flow with a Reynolds number of 6000, where D is the diameter of the
pipe. Greater entrance lengths were required for higher Reynolds numbers, according to Shenoy &
Mashelkar. It is expected that the Reynolds numbers encountered in the flume will be less than 6000,
so this figure of 13D should provide a conservative estimate for the entrance length. Applying the
geometric conversion of D = 4Ry (where Ry is the hydraulic radius of the channel), it is calculated that
the entrance length for turbulent flow in a channel with a Reynolds number of 6000 would be equal to
52Ry. The range of possible hydraulic radii for a partially filled 50 mm pipe will vary from 0 to a
maximum of 15 mm when the pipe is about 81% full. For the maximum permissible flow rate, the
entrance length required in the flume was calculated to be 0.8 meters. The exit length (the downstream
section affected by a gradual decrease in depth as a result of the increase in surface velocity) in the
flume was assumed to be equal to the entrance length, on the same basis that was adopted in section
3.3.2. This analysis would suggest that the 5.4 m length of the flume is adequate in allowing for end

effects, since it should provide a test length of fully developed flow at least 3.8 metres long.
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Figure 37. Diagram of small scale flume

Figure 38. Photograph of small scale flume, showing the downstream end and pump
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Figure 40. Photograph of flume entrance
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Figure 41. Photograph showing the pump, holding tank and coriolis meter
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3.4.3 Experimental procedure

A measured volume of fluid was poured into the holding tank of the flume system with a measured
quantity of particles added to the fluid to create an analogue slurry. The pump was then run at full
speed, with the recirculation valve used to divide the flow to send some slurry into the flume, and
divert the remainder back into the holding tank. This was found to be better than the alternative of
leaving the recirculation valve fully open all the time and setting the pump at different speeds for two
reasons; at low pump speeds the pump was observed to gradually change speed over time; and deposits
of particles formed in the bottom of the tank around the discharge outlet at its base. With the pump
running at high speeds it was found that fluctuations in the flow rate were minimised, and solids
deposition in the tank was avoided due to the turbulent disturbance in the tank caused by the fluid
returning from the recirculation line and the flume discharge. As well, the pump caused a significant
amount of vibration to the tank at high speeds, which also appeared to reduce solids deposition there.
Once uniform flow was established in the flume, monitoring for particle deposition in the flume was
achieved by visual observation through the transparent glass pipe. Like the large scale flume
experiments conducted at Sunrise Dam and Cobar, these experiments set out to determine the flattest
flume slope at which deposition did not occur. To find an equilibrium slope, the flume was initially set
at a fairly steep slope, and flow rate was kept constant as the flume was incrementally raised to yield
flatter slopes. Once the slope was flat enough to allow one or more stationary deposits of particles to

form in the flume, this particular slope would be deemed to be the equilibrium slope.

:

Figure 42. Photographs taken from below the flume looking up at the invert. The left picture
shows a rolling bed in which all of the particles are still mobile. The right picture shows a larger,
deeper bed, in which the particles lying on the base of the pipe are stationary, whilst the particles
above are still moving downstream, thus forming a sheared bed.

At this point, a new flow rate could be tested, with the search for another equilibrium slope starting

over again. Once a given fluid was found to have generated a sufficient amount of equilibrium slope
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data, a 200 ml sample of the fluid was extracted from the tank and tested in a rheometer for the fitting

of a rheological model later on.

The slope of the flume was initially calibrated using a laser level, which allowed subsequent slopes to
be calculated on the basis of a single vertical offset measurement from a fixed point. The actual slopes

were then deduced later on from the vertical offset data.

The depth of flow in the flume was measured from outside the glass pipe with a steel ruler. Depth
readings were repeatedly taken from either side of the flume for any one measurement to ensure that
parallax errors were avoided. It was observed that the glass pipe incurred refractive errors in these
depth measurements, particularly when the depth was very low or very high. These refractive errors
were systematically addressed by a separate series of optical experiments, in which a small vertical
scale was set up inside the glass pipe, with the steel ruler used outside the pipe to measure the apparent
depth in relation to the actual depth shown by the small scale inside the pipe. A mathematical
expression was later fitted to this data empirically to enable all of the flume data to be corrected for

refractive errors later on. This work is presented in Appendix I.

Fourteen different fluids were run through the small flume; water, 11 concentrations of
carboxymethylcellulose (CMC) mixed with water; and 2 concentrations of carbopol mixed with water.
The CMC and carbopol solutions both demonstrated non-Newtonian behaviour. Three different groups
of particles were used in the experiments; “coarse”, “fine”, and “mid”. The “mid” crushed glass
particles were open graded with a median size of 560 um. The “coarse” particles were extracted from
the “mid” population, taking all those caught in a 1000 um sieve. The median particle diameter of the
“coarse” particles was estimated at 1400 pm. The “fine” particles were also extracted from the “mid”
population, taking the particles passing a 420 pm sieve but retained in a 250 um sieve. The median

particle diameter for these “fine” particles was calculated to be 335 pum.
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3.4.4 Equilibrium slope testing

The small scale flume experiments generated some 95 equilibrium slopes. This data is presented both

in graphical form below in Figure 43. A tabulated form of the data is presented in Appendix H.
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Figure 43. Plot of equilibrium slope data gathered in the small flume. The legend shows the fluid
name + particle size

Figure 43 shows the equilibrium slope results for the small scale flume experiments. Various slopes
were generated for each fluid as a function of the nominated flow rate and the presence of depositing
particles in the channel bed, as per the procedure presented above in section 3.4.3. Some important

findings can be listed from the data presented in Figure 43:

Increasing the flume slope to be steeper than the equilibrium slope caused a bed to be washed away,
while decreasing the slope to be flatter than the equilibrium slope caused a bed to form. This finding

was consistent with the behaviour observed in the large flume.

Increasing the viscosity of the carrier fluid resulted in steeper equilibrium slopes. This was also

consistent with the results gained in the big flume.

Increasing the particle size caused steeper equilibrium slopes. This finding was not tested in the large

scale flume due to the inability to alter the particle size during that work, but it is consistent with the
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findings of others (Durand 1953; Oroskar & Turian 1980; Wasp et al. 1977), who observed that large
particles required a higher mean velocity to remain in suspension. In the flume the steeper slopes

invoked higher mean velocities, evident from the decrease in depth with an increase in slope.

Increasing the flow rate resulted in steeper equilibrium slopes. This was a curious finding that was
both counter-intuitive and completely opposite to the behaviour observed in the large flume. Once a
sediment deposit had formed in the flume, the flow rate could be decreased and the sediment was seen
to remain, which was consistent with the behaviour of the large flume. When the flume was steepened
to allow the deposited sediment to wash away, it would wash away as expected. However, when the
flume was incrementally lifted to determine the equilibrium slope for this new flow regime, it was
found that a stationary bed would form at a flatter slope than the previous bed formed at the greater
flow rate. This behaviour was opposite to that observed in the large flume, so a considerable amount of
time and effort was spent investigating this phenomenon. It was soon realised that the particle
concentration effectively decreased at low flow rates. It was observed that the particles “disappeared”
from the system at low flow rates, particularly when non-viscous fluids were being run. It is thought
that these absent particles were depositing in the 25 mm steel pipe that feeds the flume. Confirmation
of this suspicion was provided when the flume was set at a flat slope with a low flow rate for a
prolonged period, and then the pump speed was increased to enlarge the flow rate. Suddenly the flume
would be laden with a bed of particles some 20 mm deep. It was also observed that this particle
deposition in the feed line caused the larger particles to be preferentially retained over the smaller ones.

It was observed that a flow rates around 20 litres per minute were sufficient to avoid this effect.

Correction of concentration values

A separate series of experiments were conducted to investigate this effect in a bid to empirically
quantify the particle capturing effect as a function of flow rate. These experiments took place in two
phases; the first phase saw the flow rate adjusted every minute or so, with the corresponding fluid
density value read off the coriolis meter almost immediately after each change in flow rate. The second
phase allowed some 5 minutes for the flume to run before the density was recorded, thus enabling more
time for the concentration to stabilise throughout the flume system. The results of these experiments

are presented below in Figure 44, with an empirically fit equation superimposed onto the same graph.
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The volumetric concentration (Cy) for each experimental run was determined using the following
equation:
C — 10 p w

v (50)
Ps ~ Pw

where p is the mixture density, equal to 1000 times the fluid specific gravity displayed by the coriolis
meter, py is the density of the water and py is the density of the glass particles (assumed to be 2650
kg/m?). Since it is well understood that the density of water varies depending on its temperature, the

water density was calculated using the following empirical equation:

£,y =1000(1.00025-T2/195000) (51)

where T is the water temperature in degrees Celsius. This equation is based on a fit to table of water

density data that can be found in Appendix K.

Effect of flow rate on concentration in the laboratory flume
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Figure 44. Plot of concentration as a function of flow rate in the small scale laboratory flume.
The “fast” points were measured about 30 seconds after a flow rate was set, while the “slow” flow
rates allowed the system some 5 minutes to adjust before the concentration was read.

The equations of the empirically fitted curve are as follows:
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C, o* .
= 0<Q <20 /min (52)
C,. 160000
Cy =1 Q>20 I/min (53)
CV max

Equation 52 relates the concentration to the flow rate with a power of 4. Since the particles were being
captured in a pipe with a fixed cross-sectional area irrespective of the flow rate, equation 52 would
imply that the concentration can also be related to the velocity by a power of 4. Previous research into
particle transport in pipes found the same mathematical relationship. An empirical fit to data presented
by Wasp et al. (1977) showing the minimum transport velocity for slurries of various concentrations in

a pipe is presented below:

1/6 172
v, :3'8CV1/4(%j [%} (54)
!

Where V¢ is the minimum transport velocity for a slurry without depositing particles on the pipe bed,
Cy is the volume fraction of solids, d is the particle diameter (m), D is the pipe diameter, ps is the

density of the solid particles, and pj is the density of the carrier fluid.

The power of % applied to the concentration term in equation 54 relates the concentration to the flow
rate by the same power of 4. With this confirmation of the trend observed in the experimental findings
in the small flume, equations 52 and 53 have been used to calculate effective concentration values for

the small scale flume data.

3.4.5 Particle Size Analysis

Sieve analysis of the “mid” crushed glass particles was carried out to generate a particle size

distribution curve for the open graded material.
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Particle size curve for "mid" crushed glass particles
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Figure 45. PSD curve for the “mid” particles.

Figure 45 shows that the median particle diameter (ds;) for the “mid” population of particles was about
560 pm, the 10 percentile diameter (d;y) was about 200 wm and the 90 percentile (dyy) about 800 um.
The “fine” and “coarse” particles were extracted from the “mid” population with sieves, with the “fine”
group consisting of particles passing a 420 um sieve that were caught in a 250 um sieve, and the
“coarse” group consisting of particles passing a 2000 pm sieve that were caught in a 1000 pm sieve.
The dsp for the “fine” particles is estimated to be 335 um, and the ds, of the “coarse” particles is

estimated to be 1400 pm.

3.4.6 Unhindered settling tests

Settling tests were undertaken to determine the drag coefficients of the glass particles. These tests were
done in water in a large glass measuring cylinder some 500 mm high and 73 mm in bore. 24 particles

from each of the 335 um and 1400 um median diameter populations were tested.
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Figure 46. Velocities measured in the unhindered settling tests.

Figure 46 shows that the fine particles (dsp 335 um) had a mean unhindered settling velocity of 0.04

m/s, and the coarse particles (dsp 1400 um) had a mean unhindered settling velocity of 0.1 m/s.

3.4.7 Rheological Analysis

The 13 non-Newtonian fluids that were run through the small scale flume were rheologically tested in a

Contraves Rheomat 115 Couette rheometer. Rheograms for 4 of these fluids are presented in Figure

47, with the rheological model curves inscribed on the same graph. The Herschel-Bulkley model

parameters for all 13 fluids are presented in Table 3. Individual graphical fits of the rheological model

curves for all 13 of the non-Newtonian fluids are presented in Appendix J.
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Figure 47. Rheograms for 4 of the non-Newtonian fluids run through the small flume, with the

rheological model fit curves inscribed.
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Figure 47 shows rheograms for 4 of the non-Newtonian fluids tested in the small flume, with the
rheological model fits inscribed for each of the four data sets. Error bars are presented on one fluid for
a 95% confidence interval, showing that the rheological model fit is well within these error limits. It is
noted that the rheological data suggests that shear thickening is occurring in the CMC2 dd fluid at a
shear rate of 320/s and also in the Carbopol diluted fluid at about 150/s, because of the increase in slope
of the rheometric data beyond these shear rates. This is not the case however, as this increase in slope is
actually an artefact that is caused by turbulent vortices forming at the bob surface, which occurs with

low viscosity fluids being sheared at high rates. (Chryss & Pullum 2007)

Fluid name Parameter fits for Herschel-Bulkley model
ty K n
Carbopol 0.1 0.008 1
Carbopol diluted 0.02 0.0045 1
CMC 0 0.196 0.7
CMC diluted 0 0.048 0.88
CMC2 0 0.227 0.68
CMC2 diluted 0 0.11 0.77
CMC2 further diluted 0 0.072 0.82
CMC2 xd 0 0.051 0.86
CMC2 xxd 0 0.027 0.92
CMC2 dd 0 0.0105 0.98
CMC2 ddd 0 0.0073 1
CMC2 d4 0 0.003 1
CMC w 0 0.004 1

Table 3. Herschel-Bulkley parameters for the 13 non-Newtonian fluids tested in the small flume.

3.4.8 Discussion of small scale flume experiments

At slopes just below deposition, particles could be seen to roll along the pipe invert. This behaviour
was useful as a precursor to an equilibrium slope. However, in viscous fluids it could be seen that a
sheared bed replaced the rolling bed that was apparent for non-viscous fluids. In viscous fluids the
flow was less turbulent. The surface was smooth, with no waves. This made the measurement of the
fluid depth relatively easy. Even the pipe joints didn't cause surface disturbance for highly viscous
fluids. Subsequent analysis of these flows confirmed our observations that they were laminar. For
turbulent flows with rough surfaces, the accurate measurement of the depth of flow was made more

difficult, inevitably introducing greater errors into the measurement.
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In laminar flow conditions, a different type of equilibrium flow was occurring, with a different
transport mechanism moving the particles. In turbulent flow the particles were spread throughout the
flow cross-section as they were swept up by eddies. In laminar flow the particles settled to the bottom
of the channel, but they were able to roll or slide along the channel bed while the slope was sufficiently

steep to overcome the friction between this moving bed and the channel surfaces.

Graham et al. (2002) experimentally demonstrated that solid particles will settle in laminar flow in
horizontal pipes. Slatter (2004) reported that such pipelines running in laminar conditions will
inevitably experience blockage from this settlement. It has been suggested that such a pipeline could
be kept running at a sufficiently high pressure gradient to overcome the friction force between the
sliding bed and the pipe surface. (Cooke 2002) In an open channel the slope of the bed is equal to that
of the hydraulic grade line under fully developed uniform flow conditions, which is in turn equivalent
to the pressure gradient in a pipeline. It is therefore posed that such laminar flows could also be used to
transport particles in channels via the same sliding mechanism, providing a sufficiently steep channel
slope is maintained. The experimental data presented here supports this claim, though it is suspected
that the slope required for this sliding transport would need to be steeper as the length of the channel
increases. Further experimental evidence of this could be gained through the use of open channel

flumes of various lengths.

One problem that was experienced in the small flume was the gradual introduction of foreign matter
into the fluid over time. This foreign matter was thought to be dirt, rust, and clay particles deposited
from previous experimental work being eroded from the inside surfaces of the pipes and pump by the
relatively abrasive glass particles being used in this work. This foreign matter not only caused the
fluids to get dirty (thereby impeding the view of the glass particles), but also introduced new smaller
particles into the system, which may have deposited in the flume and prematurely invoked the

deposition of the glass particles at slopes steeper than equilibrium.
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3.5 Errors in experimental results

Experimental errors have been approached from two directions in this analysis; firstly statistical
analysis of the data was undertaken to estimate the random error for each variable, then secondly an

estimation of the instrument errors and human errors took place for all the measured variables.

3.5.1 Random error analysis

Statistical analysis of samples of the measured data took place to estimate the random variability of the
parameter in question. In order to undertake this analysis it was necessary to have multiple readings of
a randomly variable quantity to be able to check its repeatability. For most of the measured variables
this data was available. However, in the case of the flume equilibrium slope data, these repeated
measurements were not available for a number of reasons. Firstly, the amount of time required in
arriving at a single equilibrium slope measurement was prohibitive because the ability to keep the flow
rate and concentration constant long enough to record one equilibrium slope was difficult. Often these
input variables changed abruptly before an equilibrium slope had been reached, forcing the abortion of
a flow regime before the experiments had reached a result, even if some 3 or 4 hours had already been
spent with that particular flow regime. These sudden changes were encountered fairly frequently as a
result of changes in the upstream processing operations, and were completely beyond the control of the
experimenters. Secondly, the ability to set the flow rate and concentration to precise values was very
difficult with the slurry feed system being used, and took a considerable amount of time to achieve.
Each time the slurry valve was adjusted, it would take several minutes to measure the flow rate, with
the fluid levels in the flume and plunge box also needing some time to stabilise in reaction to the
change. The ability to set the slurry concentration to a precise value was much more difficult than the
flow rate, because it was necessary to adjust the valves on both the slurry feed line and the water feed
line to do this. Once these valves had been adjusted, the time taken to measure the new concentration
was considerable, even though a Marcy scale reading can be made in a matter of only a few minutes,
because adequate time had to be allowed for the new incoming slurry to mix with the slurry remaining
in the plunge box from the previous regime to bring the prevailing concentration in the flume to the
new value. Finally once the desired concentration had been reached, the flow rate would usually be

completely different from its initially established value. Correcting the flow rate would usually upset
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the concentration, and vice-versa. Hence, repeating a specific flow regime with this slurry feed system
was practically impossible, making the repeat measurement of an equilibrium slope too difficult and
time consuming to attempt. The flow rate, concentration, rheological measurements and particle size
measurements were repeatable though, so these variables were analysed for random errors. The results
of this random error analysis are presented graphically in Figures 48 to 55. A summary of the random

errors is presented in Table 4, with the details of the analysis presented in Appendix G.

Variation in flow in field flume
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Figure 48. Random error plot for flow rates measured in the field flume

Figure 48 shows a significant amount of variation in measurements for the high flow rate data recorded
on the 15™ of March. This is due to the difficulty in measurement of the flow rate at high flow rates,

which is discussed in section 3.5.2, where the instrument and human errors are estimated.
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Variation in dsg in field flume sample 11
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Figure 49. Random error plot for median particle diameters measured in 4 repeat particle sizing

runs for one sample extracted from the field flume

Variation in concentration in field flume
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Figure 50. Random error plot for concentrations measured in the field flume

Figures 49 to 55 all show consistency and stability in the measured data, with the mean values for each

data set sitting within the error bar range of each observed data point.
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Variation in shear stress (t) at 100/s for Sunrise Dam
slurry samples
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Figure 51. Random error plot for shear stresses measured in the Contraves rheometer while
testing slurry samples from Sunrise Dam

Figure 51 compares the shear stresses measured by a rheometer at the shear rate of 100/s for 3 different
concentrations of slurry from the Sunrise Dam mine that were each tested twice. This graph shows that

the rheometry data was repeatable within the 90% confidence limits calculated for the data.
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Figure 52. Random error plot for flow rates measured in the small laboratory flume
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Variation in ds for retested particle samples from
the small flume experiments
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Figure 53. Random error plot for median particle diameter (ds5)) measured by sieve analysis for
the small laboratory flume experiments
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Figure 54. Random error plot for fluid specific gravity measured in the small laboratory flume
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Variation in shear stress (t) at 146/s for retested
fluid samples from the small flume experiments
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Figure 55. Random error plot for shear stresses measured in the Contraves rheometer while
testing fluid samples used in the small laboratory flume

Figure 55 compares the shear stresses measured by a rheometer at the shear rate of 146/s for 4 different
fluids that were each tested three times. This graph shows that the rheometry data was repeatable

within the 95% confidence limits calculated for the data.

Field flume experiments Laboratory flume experiments

Parameter Confidence interval Error Parameter Confidence interval Error
Flowe rate, Q1 05 % +3 6% Flow rate, 2 05% +1.7%
dsp 0% + 34% s 5% +13%
Copy 95% +1.5% Specific gravity 95% +1.3%
7 at 100/s a0% +17% 7 at 146/ 95% +8.3%

Table 4. Summary of the random errors for four key variables in both experimental phases.

The random error summary presented in Table 4 shows that the ds, data are statistically variable from
one measurement to the next, particularly for the field flume slurry particles. It is believed that this is
due to the sensitivity of the particle sizer to the sampling technique used when the particles are
introduced to the apparatus. The rheometric data also shows some significant inconsistency between
shear stress measurements, particularly for the tailings slurries used in the field flume experiments. It

is believed that this random error for the mineral slurry data is due to the settling of particles in the
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rheometer cup, which reduces the effective concentration of the material, thereby reducing the shear

stress experienced by the rotating rheometer bob that is suspended above the bottom of the cup.

3.5.2 Instrument error and human error analysis

The value recorded for each variable during the experimental work was determined by measuring one
or more quantities. The temperature of the slurry in the field flume for example, was determined with
only one measurement from a thermometer. By comparison, measuring the flow rate in the field flume
was more complicated. The time taken for the flow measuring box to be filled had to be measured.
This was achieved with the use of a hand-held digital stopwatch, which presented a reading that was
accurate to a hundredth of a second. However, the human error in reaction time was much larger than
1/100 of a second, and needed to be quantified. Then the dimensions of the flow measuring box had to
be measured. This was achieved with a tape measure, which had its own accuracy. Then the effect of
waves in the fluid surface had to be considered, since the stopwatch was stopped once the fluid surface
reached a certain level. These 4 sources of error were all affecting the measurement of the flow rate,

and needed to be considered in the determination of the measurement error for this variable.

The accuracy of the individual measurements contributing to the logging of each recorded variable
were estimated. Many of these estimates were based on the resolution of the instrument (eg. a ruler
with a millimetre scale has a measurement accuracy of =1 mm). For each variable, a worst-case
investigation was then conducted, in which the combined measurement error was calculated by
compounding all the possible measurement errors from the contributing sources of instrument or
human error for that variable. For each combination, each of the relevant instrument or human errors
were skewed to their maximum or minimum possible measured values to present a compound error.
Once all of the combinations had been calculated for each variable, the one that yielded the largest
error was adopted as the measurement error for that variable. Table 5 presents the estimated accuracy
for each discrete measurement that was required for quantifying a variable, as well as the calculated

measurement error for the variable. The worst case investigation can be found in Appendix G.

Tailings beach slope prediction Tim Fitton




Chapter 3 — Experimental Work 111
Variable Error Description of measurement Accuracy
Field flume experimental measurements
Depth + Tmm Ruler with 1 i graduations +1 mrn
Flow +14.6% Stopwatch accurate to 0.1 sec +0.1s
Human errar associated with fast/slow timing in hitting button 014 =
Tank with base area 1.20 m x 1.00 m 001 m
Depth gauge accurate to 1 cm due to surging wave action in tank at flows <12 1f's £001 m
Depth gauge accurate to 2 cm due to surging wave action in tank at flows = 12 1/s £002 m
Slope +0.05% slope Initially marked on A frame in texta using an automatic level +2 mm
Accuracy of level and human error in usage (£ 1.5 mm in 1 km)* +1 mm
Calibration of level? Perforned 3 point check. OK
Staff accuracy assumed beyond gquestion. Base kept clean.
Parallax errar when reading texta marks on A frame + 2 mm
Potential for flurme channel section to twist, thereby distorting line of sight
Concentration  +0.8% MWarcy gauge used on site, then later checked against oven dried samples. +5ml
Gauge dial can be read to 0.1 % wefw +0.1% widwr
Temperature  +£1°0C Mercury thermometer with 17 graduations +1°C
Particle size  +1% Laser particle sizer used. ™ + 1%
Laboratory flume experimental measurements
Depth + Imm Ruler with 1 mm graduations +1 mm
Flaw +0.15% Cariolis meter uged™ +0.15%
Slope +0.07% slope Initially measured levels to frame using tape measure and laser level +2 mm
feasurement of gap between support and frame using tape measure +2 mm
Concentration  + 1.0 kyém® Coriolis meter used™ £ 1.0 kgdrr®
Temperature  +£1°0C Caoriolis meter used™* +1°C
Particle size  +5% Endecott sieves used +5%
Measurements commen to both experimental phases
Rheology + 1% Rheometer accuracy + 1%

*Mikon-Trimble AP-8 Level specification, http:/Awwaw nikon-trimble. comda_levels/index3. htm
“halvern hMastersizer 2000 specifications, http:dwaw. malvern. co. uk/LabEngdproducts/Mastersizer/MS2000/mastersizer2000. htm
Micro Motion® F-Series hMass Flow and Density Meters specification

Table 5. Summary of instrument errors and human errors for recorded variables.

Table 5 shows that the measurement of flow rate in the field flume presented a significant source of

error at £14.6%. This reflects on the comment made in section 3.5.1 about the scatter in flow data that

was presented in Figure 48, where it was noted that the data exhibited significant variation that

exceeded the calculated random error. The other measurement error statistics presented here suggest

that the remaining variables are not susceptible to such significant measurement errors.
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Chapter 4: Validation of beach slope models from the

literature

In this chapter, an attempt has been made to test each of the beach slope prediction models presented in
the Chapter 2 literature review against the following five data sets:

e Large scale field flume data collected at Cobar and Sunrise Dam (presented in Chapter 3)

e Small scale laboratory flume data collected at RMIT University (presented in Chapter 3)

e Stack data, featuring historic tailings discharge data and aerial survey data from the Cobar and

Sunrise Dam tailings stacks (discussed in section 4.1)

e  Australian Tailings Consultants (ATC) case history data set (discussed in section 4.2)

e  Small scale alluvial fan experimental data (discussed in section 4.3)
The last three of these data sets were independently collected by other workers, and will be described

here.

4.1 Stack data from Cobar and Sunrise Dam

4.1.1 Survey data

At both of the gold mines where the experimental programmes took place, the respective operating
companies have maintained a practice of periodically carrying out aerial surveys of their tailings
storage facilities in an effort to monitor the deposition behaviour of their tailings and subsequently plan
and manage any future expansion work that may be required. This survey data has been made
available, and is presented in Appendix D. The survey data was used to calculate average beach slopes
for each of these two stacks. In Figure 56 a section of the survey plan of the Sunrise Dam tailings stack
is presented, with dashed red lines inscribed in the directions of the four compass points from the apex
of the stack. Beach surface profiles were then constructed along each of these 4 lines, based on the
elevation contours that are crossed by the inscribed dashed red lines. The elevations along these four

profiles were then averaged with respect to radial distance to produce the “averaged profile” for the
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stack. These profiles are shown in Figure 57. This profiling of the stack survey data was undertaken

for both of the tailings stacks for a number of surveys that were logged over time.
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Figure 56. Aerial survey plan of Sunrise Dam tailings stack with inscribed lines along which
cross-sectional profiles were constructed
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Figure 57. Beach profiles constructed from the Sunrise Dam stack survey plan
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The averaged profiles were then used to calculate average beach slopes for the upper third, middle third
and lower third of each stack, with each third defined on the basis of the horizontal radial distance from

the stack apex.

4.1.2 Tailings discharge data

At both of the gold mines where the experimental programmes took place, the respective operating
companies also maintained records of the tailings discharge to their respective tailings storage facilities.
In the case of the Peak gold mine in Cobar, this data has been reported as monthly totals, whereas the
Sunrise Dam gold mine data has been reported as daily totals. This discharge data can be found in

Appendix E.

A summary of the historic tailings discharge and beach slope data provided by the two mining

companies is presented in below in Table 6, together forming the stack data set.

Date Mo. spigots  Dry production rate Tallings Beach Slope, % Cowe
(tons per month)  upper third middle third lower third %o
Cobar stack slope measurements

18-Mar02 1 45 000 2.3 1.6 1.1 83
17-0ct-02 3 46,000 36 22 1.6 83
14-Mar-03 3 42,000 4.2 2.4 22 83
suntise Dam stack slope measurements

01-Dec-01 1 250,000 1.3 1 0.35 B0
01-Dec-02 3 300,000 1.95 1.15 0.85 B0
31-Dec-03 3 300,750 25 1.4 0.8 il
31-Dec-04 ] 301,000 24 1.5 0.4 ]

Table 6. Summary of mine discharge and beach slope data, which together form the stack data
set. Note that “No. spigots” indicates the number of discharge points used at a given date.

In order to process the mine data it was necessary to determine the mean slurry flow rate from each

spigot. This was achieved with the following equation:

o (100M/C,, -Myp,, +Mipy)

55
2635N &)
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where Q is the mean flow rate from a spigot (in I/s), M is the dry solids mass production rate (t/month),
N is the number of spigots, Cy is the concentration by weight (%), o5 is the unit weight of the solids
and py is the unit weight of the carrier fluid. It is noted that for both the Cobar and Sunrise Dam
slurries the solids density (ps) was 2800 kg/m®, whilst the carrier fluid densities (py) were 1000 kg/m’

for Cobar and 1150 kg/m® for Sunrise Dam as a result of differing amounts of dissolved salts.

4.2 Australian Tailings Consultants case history data set

This data set contains tailings beach slope data set that has been compiled over a period of some 20
years by Australian Tailings Consultants (ATC). The data set features 17 full scale tailings beaches
from some 8 different mines, with some of these beaches occurring in tailings impoundments and

others on stacks.

The majority of the data contained in the Australian Tailings Consultants case history data set has been
suppressed from publication here due to its commercial sensitivity. The full data set contains slurry
flow rates, concentrations, rheology and particle size data amongst other information that has been
made available to the author for this analysis, but permission to publish all this data has been denied.

Only the following data has been permitted for publication:

Site Beach slope
=
%
Bougainville:

large scale test 0.8
small scale test 1. 27
stmall scale test 2 2.1
C54A, Cobar 0.5
074
Elura: Mo 1 stack 1.65
Mo.2 stack 1.35
Felian 073
04
Lnion Reefs na
0.56
0745
YWestralian Sands Trial .74
Century: Bulk Sample plant 1 1.55
Bulk Sample Plant 2 075
Full Scale Production na
Miduk 2.4

Table 7. Limited selection from the Australian Tailings Consultants case history data set.
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4.3 Experimental alluvial fan data set

As part of a research project investigating the geological formation of alluvial fan deposits, Whipple et
al. (1998) presented a series of experiments in which small scale fan deposits were formed in a
laboratory by discharging dilute slurries onto a flat floor at the intersection of two vertical surfaces to
produce a deposit resembling the quadrant of a cone by way of solid particles settling on the floor and
stacking up over time. These workers noted the existence of channel flow occurring on the surface of
the deposit, with the channel periodically changing its course with similar behaviour to that observed
on tailings beaches. A weir defined the outer extents of the deposition area, enabling the slurry flow to
be left running long enough for the deposit to develop a stable profile through the processes of erosion
and deposition taking place simultaneously, with the overflow running over the weir. 51 such runs
featuring coal and sand slurries were presented, with volumetric fractions of the slurries varying
between 0.0066 and 0.063, discharge rates varying from 0.11 to 0.48 litres per second, median particle
sizes ranging from 70 to 550 um and particle densities ranging from 1350 to 2650 kg/m’. Average
beach slopes observed ranged from 0.8% to 13%. Two deposition areas were used, with one having the

weir set at a radius of 2.1 m from the discharge point, and the other set at a radius of 5.2 m.

© Paoint of slurry discharge

Average slope of deposit = rise £ run

run

T rise

Radius of deposit

T

Figure 1. Diagram of the Whipple et al. alluvial fan experiments.
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The relationship between tailings beaches and alluvial fans

Of keen relevance in this work is the relationship between tailings beaches and alluvial fans. Whilst
there already exists some acknowledgement of this relationship in the literature, the majority of the
research presented specifically on tailings deposition makes no reference to the geologically equivalent
process of alluvial fan deposition. In a geological investigation of alluvial fans conducted by Whipple
et al. (1998), these workers attempted to model the alluvial fans that have formed the Kosi River delta
in India, a geological feature that runs approximately 200 km in length and width. In a companion
paper (Parker et al. 1998b) these same workers identified the process of tailings beach formation as
being a fast-tracked equivalent to that of much larger scale alluvial fan formation that takes place over
thousands (or millions) of years. They presented a detailed investigation of the “Rolling Stone” mine
tailings basin in Minnesota, United States. The tailings beaches in this basin were also modelled by
these workers using the same complex empirical approach. The work presented in the laboratory
experiments by Whipple et al. (1998) was the third paper that sprouted from this same investigative
project, with the same complex empirical approach once again applied to this work in an attempt to
model the small scale laboratory deposits. The work presented in these three papers added a
considerable amount of support to the notion that the channel slope dictates the slope of the deposit
formed; a theory well subscribed to by numerous other workers in the field of tailings beach slopes
such as Williams & Meynink (1986), Kupper (1991), Morris & Williams (1993), McPhail (1994), and
Pirouz (2006). This theory had also been proposed by Winterwerp et al. (1990) in their modelling of
hydraulic fills in a dredging context. However, despite this work clearly illustrating the connection
between tailings beaches and alluvial fans, there was no attempt to apply tailings beach slope models to

the prediction of the slope of the alluvial fans.

One issue that deserves some consideration here is the apparent similarity between the alluvial fan
experiments and other small scale deposition experiments that have been referred to in Chapter 2 as
“fish tank” flume experiments. In section 2.6, these experiments were condemned as being
inappropriately associated with tailings beaches, yet here an experimental approach that may seem to
be somewhat similar is being hailed as relevant. In response to this point, it is vital that the importance
of the open channel flow of slurry is recognised in the formation of a tailings beach. In the “fish tank”

flume experiments a channel did not form, both due to very low discharge rates tested, as well as the
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use of diffusers and other flow splitting devices to avoid any channelization of the discharge.
However, in Whipple et al.’s alluvial fan experiments the channel flow behaviour was well documented

and appreciated as the mechanism behind the formation of an alluvial fan.

4.4 Application of slope prediction models

For various reasons, some of the beach slope prediction models presented in the literature could not be
applied towards making a prediction. In most other cases it was necessary to make certain assumptions
about the input parameters in order to apply the model. A case-by-case discussion of the attempted
application of each model follows, with each model appearing in chronological order with respect to its

date of publication.

The models by Williams & Morris (1989), McPhail (1994) and Pirouz (2006) could not be applied in
the model validation exercise. The Williams & Morris model (equation 24, discussed in section 2.1.6)
and the McPhail model (equations 18 to 22, discussed in section 2.1.5) both required an initial slope
value to predict an overall slope. Beyond the fact that this initial slope data was not known, it was seen
that the requirement for the initial slope as an input parameter defeated the purpose of the exercise.
The Pirouz model was not applied because its constituent equations were not clear. This issue has been

discussed in some detail in section 2.1.3.

Fit plots

For each model tested in the chapter, the results of the predictions have been displayed graphically in a
fit plot, with the measured slopes running along the horizontal axis and the predicted slopes up the
vertical axis. The fit plot of this type has been chosen because the input parameters of all the models
differ, so the simplest criterion for graphically displaying the predictive ability of each model lies in the
comparison of the predicted slope against the measured slope. This criterion makes all of the plots

directly comparable with one another, allowing simple comparison of one model against another.

Each fit plot features an “ideal 1 to 1 line”, which would be mathematically expressed as y = x on an

ordinary set of Cartesian axes. The ideal 1 to 1 line is not the prediction of the model, nor is it a graph
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of the model. It is an arbitrary line that indicates a perfect prediction. A perfect model will predict all
slopes to be identical to the observed slopes (assuming that the data is accurate), resulting in all points

being plotted along the ideal line.

4.4.1 Melent’ev et al. 1973

The Melent’ev et al. (1973) slope prediction model appears in Chapter 2 as equations 1 and 2, which

are restated below:

H_ s dso 1/6
—=0.15C, (ﬁ (1)

where H is the overall height of the beach, L is the overall length of the beach, C) is the solids
concentration of the incoming tailings slurry, ds is the median particle size, and A * is the stream depth
associated with the scour velocity of clear water. An expression was provided for calculating 2* as

follows:

¥ = Q_W 2)

where Qyy is the water flow rate, V}, is the stream velocity for no erosion to occur, b is the stream width.

In order to apply these two equations, the following assumptions were made:

e For calculating V', Melent'ev did not present any equation or preferred method, so I will use
data from Table 6-3 in Abulnaga (2002), titled "Permissible Canal Velocities (after Fortier et
al., 1925)". Under the category "Alluvial silts when colloidal" a maximum permissible canal
velocity of 1.15 m/s is shown. This value will be adopted to satisfy Melent’ev et al.’s “non-
erosive stream velocity” on the basis that it represents a reasonable experimentally measured
estimate of the maximum velocity that can be handled by a silt lined canal without erosion

occurring.

e It is assumed that Oy is the slurry flow rate in this exercise.
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e For the flume data, the channel width can be calculated using the depth and the known cross-
sectional shape of the plastic half-pipe. For the other data, since the channel shape is not
known, it is assumed that the stream width, b =29.137Q + 116.07. This empirical equation is
based on a linear fit to the self formed channel data presented in Figure 5 of Pirouz’s 2006
thesis, in which the flow rates and corresponding channel widths were measured for three self

formed channels of tailings slurry. The empirical fit is presented below in Figure 58.

Flow vs Channel width (self formed channels)

500
450 -
400 -
350
300
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150 -
100 -
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0

b =29.137Q + 116.07
R? = 0.9984

Width, b (mm)

0 2 4 6 8 10 12
Flow rate, Q(l/s)

Figure 58. Fitting of linear equation to 3 points of data relating the channel width to the flow rate

The fit plot for the Melent’ev et al. beach slope model is presented below in Figure 59. This graph
presents each predicted slope against its measured equivalent, with the measured slopes plotted along
the horizontal axis and the predicted slopes plotted along the vertical axis. For a model that predicts

perfectly, we would expect to see all of the data points fall on the ideal 1 to 1 line.
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Figure 59. Fit plot of the Melent’ev et al. 1973 beach slope model

Figure 59 shows that the Melent’ev et al. beach slope model has not predicted particularly well with

any of the 5 data sets, since none of the data sets show a strong alignment with the ideal fit line.

However, it can be said that this model is predicting slopes of the same order of magnitude as the

observed slopes in almost all cases.

4.4.2 Robinsky 1978

The graph presented below in Figure 60 has been reproduced from Robinsky (1978). A curve has been

superimposed over the graph as a fit to Robinsky’s data points.
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Figure 60. Robinsky's S vs Cw plot, with superimposed fit curve (Robinsky 1978)

The equation for this fit is as follows:

i =3e™7G? 413

(56)

where i is the beach slope as a percentage and Cyy is the solids concentration by weight as a percentage.

It is acknowledged that Robinsky never claimed that the slurry concentration was the sole factor

influencing tailings beach slopes, so this equation is not reported here as a beach slope prediction

model endorsed by Robinsky; it is simply a mathematical fit to the graph presented by Robinsky.
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Fit Plot - Robinsky 1978
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Figure 61. Fit plot of the Robinsky 1978 experimental beach slope vs concentration chart.

Figure 61 shows that equation 56 is constantly predicting a slope of 1.3% for the alluvial fan data and
the small scale pipe loop data, both of which feature slurries with concentrations below 40% w/w.
These low predictions are consistent with the graph presented in Robinsky (1978), reproduced above as
Figure 60. It is noted though, that the lowest plotted point on Robinsky’s graph was for a slurry with a
concentration of 37% w/w, so any values below this are clearly outside of the range of data reported on
by Robinsky. Despite this point though, most of the alluvial fan data and a significant number of points
in the alluvial fan data sets were actually observed to run at slopes greater than 1.3%, even though they
had solids concentrations well below 40%. The cause of the steeper slopes observed with these data
points was the very low flow rates of the slurries, but because equation 56 is completely insensitive to
the flow rate, the predictions are poor. It must be restated that equation 56 was not presented by
Robinsky as a beach slope model. It is simply a fitted equation to a plot that Robinsky presented.
Likewise, it must also be iterated that Robinsky suggested that flow rate affected the beach slope, but

he did state that the slurry concentration was the main factor dictating the beach slope.

For the other three data sets (those being the field flume data, the stack data and the ATC data set) it
can be seen that equation 56 is predicting slopes of the same order of magnitude as the observed slopes,
but none of these data sets show any significant alignment with the ideal fit line. Therefore it must be
concluded that equation 56 is not sufficient for predicting beach slopes, with the main cause thought to

be its lack of consideration of the flow rate.

Tailings beach slope prediction Tim Fitton




Chapter 4 — Validation of beach slope models from the literature 124

4.4.3 Blight & Bentel 1983

Blight & Bentel’s 1983 equation was amended by Blight et al. (1985), and appears in Chapter 2 as

equation 17:

Lo (17)
pPgo

20 = arcsin|

where @is the angle of repose of the slurry (expressed in radians), 7, is the yield stress of the tailings, o
is the tailings density, g is the acceleration of gravity, and J is the layer thickness. This equation was

developed for the prediction of the slope adopted by a widespread sheet of tailings slurry when it stops

flowing, though it was validated with experimental data featuring slopes at which a thin sheet of

tailings slurry of known depth will start flowing.

The following assumptions were made in the application of the Blight & Bentel model:

9, the layer thickness, assumed to be 0.05 m. This is a reasonable sheet flow layer thickness

[ ]
as observed on tailings beaches.
e 7yassumed to be the Bingham yield stress.
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Figure 62. Fit plot of the Blight & Bentel 1983 model (amended 1985).

Tim Fitton

Tailings beach slope prediction



Chapter 4 — Validation of beach slope models from the literature 125

Figure 62 shows that the Blight & Bentel model predicts very poorly in relation to all 5 sets of data.
The predictions for the alluvial fan data and the small scale flume data are particularly poor, but this
can be attributed to the zero values of yield stress found in these two sets of data. All of the alluvial fan
data points were assumed to have no yield stress value, since it is expected that sand-water mixtures, all
of which had volumetric concentrations of 6% or less, will have none. Most of the fluids used in the
small scale flume experiments exhibited zero yield stress values when they were tested in a rheometer.

Some of the rheometry data from these fluids can be seen in Figure 47 in section 3.4.7.

Further consideration of the poor predictive performance of this model leads to the obvious conclusion
that the two sets of experimental flume data used to validate the model was channel flow data, which

most definitely did not resemble the sheet flow behaviour considered by Blight & Bentel.

This exercise proves that sheet flow behaviour is not what dictates the slope on a tailings beach. On
this basis, it could be said that the Blight & Bentel model should not have been included in this
exercise, but its inclusion was deliberate because the Blight & Bentel model was presented as a beach
slope model for thickened tailings schemes, specifically in the context presented by Robinsky (1975).
It is conclusively shown here that the Blight & Bentel model does not predict beach slopes for such
schemes, especially since the majority of the data points contained in the ATC data set pertain to this

type of tailings storage method.

4.4.4 Williams & Meynink 1986

The Williams & Meynink equation appears in section 2.1.4 as Equation 15. It is repeated here:

_8.81CW,
K

S (15)

where S is the slope of the channel (%), C is the solids concentration (% w/w), VVL is the mean fall

velocity of the mixture (m/s) at the concentration C, and K is the “transport constant”, an empirical

constant that is fitted to a particular tailings slurry (m/s).

Tailings beach slope prediction Tim Fitton




Chapter 4 — Validation of beach slope models from the literature 126

The following assumptions were made in order to apply this equation:
e K, the transport constant, is equal to 0.63 m/s. This is consistent with Williams and

Meynink’s application of the equation.
. VVC , the mean fall velocity of the mixture, is equal to the hindered settling velocity of a single

particle of size dsg in the slurry. From Wasp et al. (1977) equation 3.9,

12
L _[4gto.-p)a o
’ 3Chp,

where: Vg = unhindered settling velocity
g = acceleration to gravity
ps = density of solid particle
o, = density of carrier fluid
d = diameter of particle

Cp = drag coefficient of particle

=e* (58)

where: w,; = hindered settling velocity
e = volume fraction of voids
e For the slurries used in both phases of flume experiments, the unhindered particle settling
velocity was measured experimentally (see sections 3.3.15 and 3.4.6). Equation 57 was used
to calculate drag coefficients for these particles using these settling velocity measurements.
e For the data from the other 3 data sets, it was assumed that Cp = 0.45, as recommended by

Ishii & Zuber (1979)
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Figure 63. Fit plot of the Williams and Meynink 1986 model

From Figure 63 it is of interest to note the relatively good predictions of the slopes observed in the

alluvial fan data set. The predictions of the beach slopes on the upper thirds of both the Sunrise Dam

and Cobar stacks are also relatively good. The other data sets were not predicted so well, though the

magnitudes of the predictions of the field flume data are reasonable. The small scale flume data shows

a significant amount of scatter here, while the ATC data set is generally predicted at slopes 3 or more

times steeper than those observed.

4.4.5 Wates et al. 1987

Wates et al. (1987) presented a graph that showed a strong trend between the specific gravity of a slurry

and the beach slope that is formed by its discharge. The graph contained data that was gathered from

measurements of full-sized tailings beaches.

equation to the plot presented by Wates et al.:

Tailings beach slope prediction
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Figure 64. Wates et al.'s graph with superimposed line of best fit (Wates et al. 1987)

The equation for this line of best fit is as follows:

i=93x10°*

where i is the beach slope and S is the specific gravity of the slurry.

(39)
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Figure 65. Fit plot of the Wates et al. 1987 beach slope vs density graph
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Figure 65 shows that equation 59 is predicting poorly against all five data sets, particularly in the cases
of the small flume data and the alluvial fan data. The main problem with equation 59 is its lack of
consideration of the flow rate, which was observed to be the most important factor affecting tailings
beach slopes during the experimental work featured in Chapter 3. This omission can be cited as the
dominant reason for the poor predictive performance of equation 59, particularly in the cases of the
small flume data and the alluvial fan data, where the slurry flow rates are well below the flow rates that
would have been observed by Wates et al. in their gathering of the field data that they have presented in

their graph (Figure 64).

Another reason for the poor slope predictions against the small flume data and the alluvial fan data
presented in Figure 65 is that Wates et al.’s field observations were of segregating slurries that were
discharged at high flow rates. This gave them flat beach slopes below 1% slope. For the slurries
observed by Wates et al. with specific gravity values between 1.1 and 1.2, beach slopes below 0.2%
slope were measured. By comparison, the data contained in the small flume and alluvial fan data sets
had specific gravity values between 1.0 and 1.1, which is just below the range of specific gravity values
observed by Wates et al. as presented in their graph (Figure 64). Clearly it would be expected that these
data points would produce beach slopes well below 0.2% if these slurries were to behave consistently
with Wates et al’s data. However, the very low flow rates used in the small flume and alluvial fan
experiments overrode the effect of concentration that Wates et al focused on in their field
measurements. To their own demise, Wates et al. did not consider the effect of flow rate in their work,
instead citing flow rate among “other factors which cannot be considered in detail in this paper”,
despite their acknowledgement of the claim of Robinsky (1975), “that reducing the flow rate can

increase the slope of a beach”.

4.4.6 Boldt 1988

The Boldt equation is presented in section 2.1.1 as Equation 3:

i=1.98—0.00430,5, 3)
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where i is the beach slope (%) and Qusg is the flow rate expressed in US gallons per minute.

No assumptions were necessary in applying this equation.

Fit Plot - Boldt 1988
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Figure 66. Fit plot of the Boldt 1988 beach slope vs flow rate graph

Figure 66 shows that the Boldt equation predicts very poorly against all five data sets. Of particular
note are the negative predictions for the Sunrise Dam stack data and the ATC beach slope data. These
negative predictions occurred because some of the flow rates presented in these two data sets were
considerably larger than the maximum flow rate tested in the field trial experiments of Boldt. Though
Boldt did not list the range of flow rates tested in the field trials, it can be seen that Boldt’s equation
(equation 3) will predict negative slopes for any flow rate below 460 US gallons per minute (29 litres
per second), so it is reasonable to assume that Boldt’s field trial experiments did not test any flow rates

greater than this value.

Another problem that is evident in Figure 66 is the constant slope predictions of about 2% for the small
scale flume data and the alluvial fan data. This issue arises because the flow rates reported in these two
data sets are lower than the smallest flow rate tested by Boldt. It can be seen that the beach slopes

predicted by equation 3 will approach 1.98% as the flow rate approaches zero.
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Boldt’s equation is clearly too limited in its range of beach slopes, since it can not possibly predict any
slopes steeper than 1.98%. However, a more significant limitation of Boldt’s equation is its complete
insensitivity to any other factors such as concentration, rheology or particle size, all of which were

observed to have an effect on the beach slope during the experimental work presented in Chapter 3.

4.4.7 Winterwerp et al. 1990 — Semi-empirical equation

This equation is presented as Equation 26 in section 2.2, and is repeated below:

(s—1)d, 2 " /g’ " 04
leq = WCV(I_CV) T q (26)

where i, is the equilibrium slope of a channel of slurry, s is the ratio of the density of the solids to the
density of the carrier fluid, ds, is the median grain diameter, Cy is the volumetric concentration, fp is
the Darcy friction factor and ¢ is the specific flow rate, equal to the channel flow rate divided by the

channel width.

The biggest challenge in applying this model is the determination of a value for fp, the Darcy friction
factor. Winterwerp et al. did not present any analytical method for calculating an f; value, but instead
assumed a value of 0.035 as an empirical fit to their experimental data. In Chapter 5 a method is
developed for the prediction of an f5 value for a loose boundary channel flow scenario, but strictly
speaking, that work is not part of the model that Winterwerp et al. presented, so it will not be used here.
Instead, the same approach will be taken as that which Winterwerp et al. adopted, with an fj, value of

0.035 assumed in order to apply this equation.
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Figure 67. Fit plot of the Winterwerp et al. 1990 semi-empirical equation

Figure 67 indicates that the Winterwerp et al. semi-empirical equation is predicting poorly for all of the
data sets. One of the obvious possible causes for this is the assumed f5 value of 0.035. In order to
investigate this possibility, an exercise was undertaken to calculate the f5 values for each of the 50
equilibrium slopes that were recorded in the field flume experimental work. It was found that the mean
fp value for the 50 field flume experimental runs was 0.050, with a 95% confidence limit of 0.0054
either side of the mean. The effect of this different f; value can be quantified by calculating an
equilibrium slope with equation 26 using an fp value of 0.035, and then repeating the exercise with an
fp value of 0.05. The difference is that the latter figure will cause the predicted slope to be 1.036 times
steeper than that of the former. It can be seen that the predictions for the field flume data set on Figure
67 are all around 0.5% slope, which is well short of the observed slopes for these points. The adoption
of an fp value of 0.05 instead of 0.035 will raise a prediction of 0.50% slope to a value of 0.52%. This
conclusively proves that the assumed f value of 0.035 is not the cause of the poor predictions by the
Winterwerp et al. semi-empirical model, since it is evident that this model is quite insensitive to this

parameter with a power of 0.1 directly applied to it.

Upon closer inspection of Winterwerp et al.’s experimental data it can be seen that the range of

concentrations tested reached from 0 to 40% v/v, which is comparable to that tested in the field flume

experiments documented in Chapter 3. The range of specific flow rates (the flow rate divided by the
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stream width) ranged from 0.05 to 0.15 m%/s, which is also comparable to that measured in the field

flume experiments, which ranged from 0.01 to 0.08 m*/s.

Since Winterwerp et al.’s experimental data range is so similar to that gathered in the field flume
experiments, it is possible to make some comments about equation 26 in terms of the powers that have
been applied. Firstly, the power of -0.4 that has been applied to the specific flow rate, which is derived
from the Engelund-Hansen equation cited by Winterwerp et al., is seen to provide a reasonable fit to the
data gathered in the field flume experiments, which was best fitted by a power of -0.5. However, the
power of 0.6 applied to the first term of equation 26 is where these two data sets differ, since it was
found that the concentration values of the field flume data were best related to the channel equilibrium
slope with a power of 2. It is therefore concluded that it is this power that has caused the poor

predictions of equation 26 in relation to the field flume data.

4.4.8 Winterwerp et al. 1990 — Empirical equation

This equation is presented as Equation 27 in section 2.2. It is restated below:

i, =|0.0056-%—0.0045 |¢*

ref

27

where d is the representative grain diameter, d,., has a constant value of 65 um, and g is the specific

flow rate, equal to the channel flow rate divided by the channel width.

In applying this model, dsj, the median grain diameter, was assumed in place of d, the representative

grain diameter. This is consistent with Winterwerp et al.’s application of the equations in their work.

The fit plot generated by this equation is presented below as Figure 68:
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Figure 68. Fit plot of the Winterwerp et al. 1990 simplified empirical equation

It is noted that the Winterwerp et al. 1990 empirical equation (equation 27) predicts negative beach
slopes because of the combination of its empirically calibrated d,., constant of 65 um that forms the
denominator under the median particle diameter of the slurry in question (which happens to be greater
than the median grain diameter for both of the slurries tested here), and the value of 0.0045 then being
subtracted from the product. This crude empiricism effectively causes negative predictions for any
slurry with a median grain diameter less than 52 pm, which is a severe limitation of this model.
Winterwerp et al.’s experimental data contained ds) values ranging between 120 — 235 pm, which

explains how they have developed this aspect of their model.

It is interesting to note that Winterwerp et al. gained a power of -0.45 as an empirical fit to the specific
flow rate values in their data. This compares favourably with the point raised in section 4.4.7, where it
was noted that the field flume data was fitted best with a power of -0.5. This supports the trend that

was observed between flow rate and slope in the field flume.

4.4.9 Kupper 1991

This empirical equation presented by Kupper appears as Equation 5 in section 2.1.2. It is repeated

below:
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)

where: i, is the overall slope of a tailings beach, defined as the height over the length
A is the cross-sectional area of the discharge pipe (m?)
C,, is the slurry solids concentration by weight (%)
ds is the median grain diameter (m)
g is the acceleration due to gravity (m/s)

Q is the flow rate at the discharge point (m*/s)

P, is the density of the solid particles (kg/m?)

P, is the density of the carrier fluid (kg/m*)

Kupper’s approach was focused on the exit velocity of the slurry from a spigot, with the pipe diameter
being a required input in the equation. For the field flume data, the small flume data and the stack data
for the Sunrise Dam and Cobar stacks, the following pipe sizes were known:

¢ Pipe internal diameter for the field flume = 150 mm

e Pipe internal diameter for the small laboratory flume = 12 mm

e Spigot internal diameters for the Cobar stack =200 mm

e Spigot internal diameters for the Sunrise dam stack = 300 mm
For the other 2 data sets the respective pipe diameters were not known, so the cross-sectional area of
the pipe was calculated using an empirical equation that was generated by fitting a curve to a plot of
flow rate vs cross-sectional area of flow in a channel, derived from the field flume data set. This
approach was warranted on the basis that the 4 term in the Kupper equation (equation 5) is divided by
the flow rate, O, which could otherwise be stated as the mean velocity of flow. This empirically
generated equation would therefore enable a calculated estimate of the velocity that flows in the
channel, which is seen as a far more relevant quantity than the velocity of the slurry as it exits a pipe,
which could have a wide range of values depending on the spigot diameter. It is argued that the pipe

exit velocity is irrelevant compared to the channel velocity anyway, since whatever velocity the slurry
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maintains in the pipe will be drastically changed once the slurry enters some sort of plunge pool or

other point of velocity dissipation upon exiting the pipe.

The plot of flow rate vs cross-sectional area of flow for the field flume data is presented below as
Figure 69, with a power equation fit to the data for predicting the cross sectional area as a function of

the flow rate. The equation of this curve is:

A=0.0017Q°7" (60)

where: A is the cross-sectional area of the flow (m?)
0 is the flow rate (m*/s)

The coefficient of determination (R?) for the fit of this curve to the data is 0.87.

Flow rate (Q) vs Cross-sectional area of flow (A) - Field flume experimental data
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Figure 69. Plot of flow rate against cross-sectional area of flow for the field flume experimental
data, with a line of best fit inscribed for estimating A as a function of Q.

The fit plot generated by the application of the Kupper model (equation 5) to predict the slopes

observed in the 5 data sets is presented below as Figure 70.
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Fit Plot - Kupper 1991
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Figure 70. Fit plot of the Kupper 1991 empirical model

Figure 70 shows that the Kupper model predicts poorly for each of the five data sets. For the low
concentration slurries tested in the small scale flume and those tested in the alluvial fan experiments,
the Kupper model generally predicts flatter slopes than those observed for the same data. The other

data sets are generally over-predicted.

Kupper’s experimental work tested slurries with concentrations ranging from 1.5 to 40.5% w/w. While
this range does share some overlap with all of the five data sets presented in Figure 70, most of the
tailings slurry data from the ATC data set, the stack data set and the field flume data set had
concentration values greater than the maximum value tested by Kupper, so it is concluded that the steep
slope predictions by Kupper’s model against these data sets arose from this limitation. As for the small
scale flume data and the alluvial fan data, most of the concentration values from these data sets fell
inside also range tested by Kupper. The range of flow rates tested by Kupper ranged from 5 to 20 litres
per minute, which is very similar to the range tested in the small scale flume experiments. However,
Kupper’s method of measuring an equilibrium slope was unlike those used in the flume experiments
documented in Chapter 3, but was instead of the “fish-tank” style of experiment, in which a deposit of
sediment was formed in a tank-like flume through the discharge of slurry at one end of the tank. It
must be concluded that Kupper’s equation, being a fit to the results observed in a series of “fish-tank”
type experiments, provides strong evidence to support the argument stated in section 2.5, that such

flumes do not produce slope data that is relevant to tailings beach slopes.
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4.4.10 Parker et al. 1998

The model presented by Parker et al. is shown in section 2.3 as Equation 28, with Table 1
accompanying it to show the respective empirical parameters used by Parker et al. in developing this
equation. This model predicts S, the slope of a concaved alluvial fan for any radial distance from the

head, and is presented below:

1/(1-p)

§= R_1/zaS—1ab(3+2p)/2ar(%_Tc*j” Qsog_;?)z o8
w

where R is the submerged specific gravity of the sediment, ¢ is the sediment transport coefficient, «,
is the flow channelization coefficient, p is the hydraulic resistance exponent, ¢, is the hydraulic
resistance coefficient, 7. is the sediment transport critical shields stress, n is the sediment transport
exponent, Qg is the flow rate of sediment, 7 is the dimensionless radial distance from the apex of the
fan (equal to the radial distance divided by the length of the fan) and Qy is the flow rate of water.

An 7 value of 0.165 has been used so as to predict the beach slope one sixth of the way along the
beach from the discharge point, to predict an indicative beach slope for the upper third of the beach.

The values used for as, a, p, @, 7. and n are listed in Table 1, which is presented in section 2.3.
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Figure 71. Fit plot of the Parker et al. 1998 model
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The fit plot for the Parker et al. model is presented above as Figure 71. The predictions for all five data
sets are very poor. The tailings slurry that Parker had calibrated the model parameters to was being
discharged from a mine in the United States, and featured a very low concentration (3.3 % v/v) and a
very high flow rate of about 7.7 m*/s. These figures place Parker et al.’s data well outside the range of
any of the other data sets featured here, so the poor fit of these 5 set of data to the Parker model is

hardly surprising.

4.4.11 Parker et al. 1998 with Whipple et al. 1998 parameters

The same model presented by Parker et al. (shown immediately above in section 4.4.10 as equation 28)
was also used by Whipple et al. in their analysis of small scale fluvial fan experiments. The
experimental alluvial fan data generated by these workers to validate their model is the same data that

has been utilised in this chapter for model validation. These workers used different values for the
equation parameters as, o, p, &, 7. and n, which are presented in section 2.3 in Table 1. As was done
in the previous application of the Parker et al. model in section 4.4.10, an 7 value of 0.165 has been
used once again in order to predict a slope that is representative of the upper third of the beach. The fit

plot for this model is presented below in Figure 72.
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Figure 72. Fit plot of the Parker et al. 1998 model using the Whipple et al. 1998 parameters.
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Figure 72 shows that the Parker et al. model with the Whipple et al. parameters predicts very poorly,
with slopes of 50% and more being predicted in four of the data sets. This is an alarming result,
particularly for the alluvial fan experimental data, which the parameters were developed to suit. One
comment that must be made is that the numerous parameters required by the model are complex to
derive in some cases, which precludes this model from being easily applied. The work presented here
also demonstrates the sensitivity of the Parker et al. model when it is applied to different data sets that

the parameters have not been adjusted to suit. On this basis it must be concluded that this model is

overly sensitive to the parameters that it uses.

4.4.12 Parker et al. 1998 with Sun et al. 2002 parameters

The same model presented by Parker et al. (shown above in section 4.4.10 as equation 28) was also
applied by Sun et al. (2002) to a large scale river delta. These workers derived another set of values for
the equation parameters as, o, p, @, 7. and n, which are presented in section 2.3 in Table 1. Once
again an 7 value of 0.165 was used so that the predictions would be indicative of the slope in the upper

third of the profile. The fit plot generated with this model is presented below in Figures 73and 74:
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Figure 73. Fit plot of the Parker et al. 1998 model using the Sun et al. 2002 parameters
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Fit Plot - Parker et al. 1998 with Sun et al. 2002 parameters (reduced range of predicted slopes)
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Figure 74. Fit plot of the Parker et al. 1998 model using the Sun et al. 2002 parameters, with the
vertical scale reduced to provide a clearer view of the lower predictions. The excluded data
points can be viewed in Figure 73 (above).

Figure 73 shows that the Parker et al. model with the Sun et al. parameters predicts very poorly for the
thickened slurries that feature in the field flume data set, the stack data set and the ATC case history
data set. These extremely high predicted slope values cause the lower slope predictions from the
alluvial fan data set and the small scale flume data to be difficult to view, particularly in relation to the
ideal 1 to 1 line, so a second fit plot has been presented as Figure 74 to enable these lower predicted
points to be more easily viewable in relation to the ideal 1 to 1 line. From Figure 74 it is apparent that
the alluvial fan data shows some resemblance to the ideal fit line, but the small scale flume data shows
no alignment to the ideal line. The range of values used in Sun et al.’s analysis of an alluvial river delta
is well outside the ranges of all five data sets used here. The flow rates range from 20 to 80 m’/s, this
lower value being well beyond the highest flow rate contained in any of the data sets presented here.
The volumetric concentrations of the flows tested in Sun et al.’s analysis ranged from 0.05% to 0.2%,
which are much lower than all of the concentrations featured in the validation data, with the exception
of some of the corrected concentrations in the small flume data set. With these values in mind, it is
surprising to see reasonable predictions made for some of the alluvial fan data points, considering that
the alluvial fan data set has flow rates that are well below 20 m’/s and concentrations that are well

above 0.2% v/v.
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The work presented in sections 4.4.10, 4.4.11 and 4.4.12 investigating the validity of the Parker et al.
model with three different sets of empirical parameters would strongly suggest that this model is not
applicable for predicting slopes on a tailings beach. In all three cases it was found that this model over-
predicted the slopes for the data sets that featured tailings slurries. It is believed that the main reason
for this failure is that the assigned empirical parameters were not derived with the purpose of predicting
the slopes for fluids with such high concentrations as tailings. It is also suggested that the model itself
was never intended to describe such concentrated slurries, particularly in describing the non-Newtonian
properties of such fluids, since there are no apparent terms in equation 28 for describing viscosity or

any other rheological aspects of the slurry.

4.4.13 Sofra & Boger 2000

The Sofra & Boger empirical equation is presented in section 2.4 as Equation 32, and is repeated

below:

T
6 =2.667x10° (%j (32)
pW gy

where: @ is the angle of repose (in degrees)

7, is the yield stress (Pa)

77 is the viscosity (Pa.s)

p is the slurry density (kg/m®)

W is the width of the inclined plane (m)
g is the acceleration due to gravity (m/s%)

Vv is the initial velocity of the flow (m/s)

The initial velocity of flow in their model is based on the release of a small volume of paste down an
inclined ramp. This velocity is not directly comparable to the discharge velocity of tailings slurry from
a spigot or the velocity of flow in a channel of tailings, but since Sofra & Boger proclaimed their model

to be applicable for the prediction of beach slopes formed from the discharge of tailings slurry, it has
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been tested here with the mean channel velocity used in place of their initial velocity term in the case of
the flume data, whilst the mean spigot discharge velocity has been used for the stack data, with the
spigot diameters assumed to be 200 mm at Cobar and 300 mm at Sunrise Dam. Another assumption
was required in satisfying the input for the I term, the width of the inclined plane. The channel width,
b was adopted for this parameter. For the non-flume data, it is assumed that the stream width, b =
29.137Q + 116.07, where Q is the flow rate in litres per second. This empirical equation is based on a
linear fit to the self formed channel data presented by Pirouz (2006), with the fitting exercise presented
in Figure 55 of section 4.4.1. For both sets of flume data, the width has been calculated from depth
measurements and the known cross-sectional shapes of the channels used. For ty, the Bingham yield
stress value has been used. For m, an apparent viscosity value has been calculated based on the
approach of Wasp et al. (1977), it which the shear rate in a pipe was expressed as 8V/D, where V is the
average velocity of flow and D is the pipe internal diameter. Haldenwang & Slatter (2002) used the
equivalent diameter D = 4Ry (with Ry being the hydraulic radius), making the shear rate in a channel
equal to 2V/Ry. Therefore, for a Herschel-Bulkley fluid flowing in a channel we can present the

following equation for the effective viscosity, 7:

T,+ K{W}
Ry (61)

e

where 7, is the yield strength of the fluid, K is the consistency index and # is the Herschel-Bulkley

power. Applying this equation to calculate the effective viscosity generated the following fit plot:
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Figure 75. Fit plot of the Sofra & Boger 2001 empirical model

Figure 75 shows that the Sofra & Boger model fails is predicting the slopes from any of the five data
sets. For the alluvial fan data, consistently flat slopes were predicted because the yield strength was
assumed to be zero for all of the slurries tested in the alluvial fan experiments. The sand-water
mixtures tested in the alluvial fan experiments had volumetric concentrations of 6% or less, so it was
deemed reasonable to assume that these slurries should have zero yield stress values. Most of the fluids
used in the small scale flume experiments exhibited zero yield stress values when they were tested in a
rheometer (see Table 3 in section 3.4.7), so that explains why these points gained zero predictions in
the Sofra & Boger model. The few data points that indicate significant predicted slopes all had yield
stress values above 10 Pa, which shows that the Sofra & Boger model is highly sensitive to yield stress.
The remaining data points featured in the other data sets all had yield stress values, but the reason for
the unrealistic slope predictions rests on the incompatibility of Sofra & Boger’s experimental approach
in comparison to a channel flow scenario. Sofra & Boger did not run a continuous flow of slurry down
their flume. Instead they released a small discrete volume of tailings paste (about 10 to 20 litres) down
an inclined ramp to watch it run some 50 to 100 cm down the ramp and then stop, forming a tongue-
like deposit. The yield stress values that were used by these workers in their experiments ranged from
17 to 210 Pa, which is higher than most of the data contained in the five validating data sets used here.
This type of experiment is so very different to the flume experiments presented in Chapter 3 or the

physical processes inherent in any of the other 3 data sets. The assumptions that have been made here

Tailings beach slope prediction Tim Fitton




Chapter 4 — Validation of beach slope models from the literature 145

in order to apply this model to the validating data have deviated so significantly from the concept of
Sofra & Boger’s work, particularly in replacing Sofra & Boger’s initial velocity term with the mean
velocity of flow in a continuously flowing channel. The Sofra & Boger model predicts the slump angle
of a small quantity of tailings paste released down an inclined ramp, which does not relate to a
continuously flowing channel. However, this model was included in this chapter because of Sofra &
Boger’s claim that it could be used to predict beach slopes. The work presented here shows that it can

not predict beach slopes.

4.4.14 Pinto & Barrera 2002

This empirical equation is presented as Equation 4 in section 2.1.1:

C 1.38
i=0.009(s—1)"** e )

where i is the average slope of the beach (%), s is the ratio of the specific gravity of the solids to that of
the water in the slurry, Cy is the solids concentration by weight (fraction), and P is the dry tonne

production rate (kt per day).

The Pinto & Barrera model was easy to apply, with the input parameters being easily derived without

the need to make any assumptions. The fit plot for this model is presented below as Figures 76 and 77.
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Figure 76. Fit plot of the Pinto & Barrera 2002 empirical model (predictions presented on a log
scale due to significant spread in the magnitudes of the predicted slopes)
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Figure 77. Fit plot of the Pinto & Barrera 2002 empirical model with the vertical scale reduced to

provide a clearer view of the lower predictions.
Figure 76 (above).

The excluded data points can be viewed in

Figures 76 and 77 show that the Pinto & Barrera model (equation 4) predicts very poorly for most of

the data, with some predicted slopes in the thousands (effectively predicting vertical slopes) and other

predictions being very flat. The exception to this trend is that most of the segregating slurry points

from the Sunrise Dam field flume data set have been predicted well. The poor predictions arise from
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the power of 15.6 that is featured in this model, making it extremely sensitive to the specific gravity of
the slurry particles and decant water. The Pinto & Barrera model is purely empirical, with the
calibrating data featuring only 7 tailings beaches from copper mines in Chile. The range of values in
this limited data set were as follows; P: 13 — 165 kt/day; G: 2.67 — 2.80; Cy: 20 — 53% w/w; i: 0.18 —
0.60%; median grain size: 10 — 119 pum. The narrow range of values in the specific gravity ratio (G)
data provides some explanation as to how the power of 15.6 was derived by Pinto and Barrera during
their least squares fitting exercise. The relatively low concentration values would suggest that most, if
not all, of the tailings slurries tested were segregating. The very flat beach slopes that were measured
tend to confirm this suggestion. It is also noted that the correlation observed by these workers between
the median grain size data and the beach slope data was very poor, which is why they dropped this

parameter from their model.

The good performance of the Pinto & Barrera model for some of the segregating slurries tested in the
field flume at Sunrise Dam would seem reasonable on the basis of the calibration data of Pinto &
Barrera being somewhat similar to that of the Sunrise Dam slurry; both are segregating, both have solid
specific gravity values around 2.8, and both had flat beach slopes. However, this good performance
was a mathematical fluke brought about by coincidence, which can be explained as follows: firstly,
Sunrise Dam slurry contained very saline decant water, giving it a G ratio of 2.4, which is outside the
range of Pinto & Barrera’s model calibration data. Secondly, the range of flow rates tested in the field
flume with segregating slurries at Sunrise Dam went from 1.9 to 11.7 litres per second, and the range of
concentrations ranged from 25.8 to 50.9% w/w, which gives an equivalent dry production rate range of
0.23 to 1.3 kt/day. These production values were also well outside the range of values measured by
Pinto & Barrera (13 — 165 kt/day). These two factors effectively cancelled each other out, so the end
result was that 11 of the 16 segregating Sunrise Dam data points were predicted well by coincidence. It
is noted that the alluvial fan data and the small scale flume data consist of segregating slurries, yet the
predictions for this data were poor. Also, the segregating slurry monitored in the field flume at the
Cobar mine was also predicted poorly. In conclusion, the Pinto & Barrera model is too sensitive to the
specific gravity ratio G to be able to predict beach slopes in most situations, with this parameter raised

to the power of 15.6.
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4.4.15 Fitton et al. 2006

This semi-empirical equation appears as equations 13 and 14 in section 2.1.3, which are restated below:

d=12.20°° (13)

where d is the depth of flow in the channel (expressed in millimetres), and Q is the flow rate in litres

per second.

i =100 tan arcsin (14)

8pV?
7, +K B
R, |

where i is the beach slope (%), V is the mean velocity of flow in a channel of tailings slurry (m/s), p is

2R, g

the slurry density (kg/m®), Ry, is the hydraulic radius of the channel (m) and g is the acceleration due to
gravity (m/s%). 7,, K and n are rheological parameters of the slurry as determined through the fit of the
Herschel-Bulkley model to rheological data measured for the slurry experimentally, where 7, is the

yield stress of the slurry (Pa), K is the consistency index (Pa.s) and n is a power with no units.

The hydraulic radius was calculated from the depth value predicted by equation 13, using a new

empirical equation shown below as equation 62:

R, =0.00084 """ (62)
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This equation was generated as a fit to the depth vs hydraulic radius data that was measured at Sunrise
Dam during the field flume experimental work, which is plotted below in Figure 78 with an inscribed
curve of best fit. This equation calculates a very close approximation of the hydraulic radius value for
a channel shaped as a segment of a circle of radius 170 mm, as can be seen from the fit of the curve
inscribed in Figure 78 with its corresponding coefficient of determination equal to 0.9997. However,
this approach subtly differs from that suggested by Fitton et al., since it was stated by these workers
that the channel geometry should be “similar in magnitude and shape to the half-pipes used” in the field
flume. This statement carried the implication that the hydraulic radius would be calculated
geometrically from the predicted depth using a channel shaped as a circular segment of radius 170 mm.
Though equation 62 does calculate values that are very close to this for the range of depth values that
are presented in Figure 78, it does not do this via a fundamental geometric approach. This deviation
was introduced deliberately, as it was seen that predicted depth values greater than 340 mm would
exceed the diameter of a 170 mm radius pipe, thereby disabling the Fitton et al. model because of the
inability to calculate a sensible hydraulic radius to put into equation 14. A less extreme point, but a
relevant one none the less, is that it was also seen that predicted depths above 100 mm would cause the
channel shape to be deeper and narrower than what was intended when the flume was designed to
emulate the self-formed channel shapes found on a tailings beach (see Figure 12 in section 3.3.3 for a
plot of channel shapes considered in the design of the flume). Such channel shapes would arguably
violate the channel shape edict stated by Fitton et al. anyway, so it could actually be argued that the
development of Equation 62 fulfils the intent of the channel shape assumption that was set forth by
Fitton et al. more soundly than a geometric approach, while additionally enabling the extrapolated

predictions of hydraulic radii for much larger flow rates.
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Sunrise Dam field flume data: Measured depth vs hydraulic radius
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Figure 78. Plot of measured depths from the Sunrise Dam field flume data against the hydraulic
radius values that had been calculated from these depths.
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Figure 79. Fit plot of the Fitton et al. 2006 semi-empirical model

Figure 79 shows that the Fitton et al. model predicts well for the field flume data, the ATC data and the
stack data from the two mines. The Fitton et al. model predicted moderately well against the alluvial
fan data, but poorly against the small scale flume data. The good fit to the field flume data can largely

be attributed to the fact that equations 13 and 62 were calibrated from the field flume data set.
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However, equation 14 was not calibrated with any of the data collected by these workers, so the good
slope predictions of the model from the depths and hydraulic radii predicted by equations 13 and 62
must be attributed to the good performance of the constituent equations that were combined to give
equation 14 (those being the empirical Blasius equation, the Haldenwang-Slatter Reynolds number
equation and the Darcy-Weisbach equation). The good predictions that were made by the Fitton et al.
model against the ATC data and the stack data would suggest that the assumptions contained within
equations 13 and 61 (depth being a factor of the flow rate, and the implications on channel shape) were

realistic compared to the processes occurring on a tailings beach.

The Fitton et al. model predicted poorly in relation to the small flume data set. The cause of this poor
prediction stems from flow rates in the 50 mm diameter pipe of the small flume that created channel
shapes of high depth to width ratios that were not of similar proportions to those formed in the field
flume, nor to those formed on a tailings beach. This effect resulted in the Q-d equation (equation 13)
under-predicting the depth by factors of about 3 to 5 in every case, which in turn caused equation 62 to
predict hydraulic radii that were about a quarter of that actually occurring in the small flume, finally
causing equation 14 to predict slopes that were about 4 times steeper than those observed. It is
concluded that the channel cross sections formed in the small flume, defined by the relatively high
depth to width ratios, were not representative of those found on tailings beaches, while the Fitton et al.
model is focused on modelling such channel shapes. Therefore, it can be said that the Fitton et al.
model is not able to predict equilibrium slopes in channels that are narrower than those found on a

tailings beach.

4.4.16 Chryss et al. 2006

This semi-empirical model, discussed in section 2.1.3, comprises some 7 equations as follows:

X = yo(ho(y/yo)a5 "'hl(y/yo)L5 +hz(y/y0)2'5) (6)

hy = 2/ -2)"° )
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By =1/6(2/7 -2)" -1/ - (£ -D/EC)(1/(2t7) -1/2) @®)

hy = 152/t 2 -2)% ((0.5(1/2 t7) - (3 + t*)(8t )AL/t *)-0.5) ...

-1 - (82 - 1D/(42))2 /(8(-0.5+1/(2*t%))?))) ©9)
.
f=—> (10)
(p2yy)
v(y) =V +1/ (gR,S)"* (1+1In(y/ y,)) (11)
1 s
V=—R,"S, (12)
n

The first 4 equations define a channel shape, where x and y are Cartesian co-ordinates for channel
cross-sectional profile, /4y, #; and &, are geometric constants, and y, is the total depth of flow in the
channel. ¢ is the non-dimensional mass yield stress of the bed material, 7, is the yield stress of the bed
material, p is the density of the bed material, and g is gravitational acceleration. Equation 11 is a
velocity distribution equation, in which v(y) is the axial velocity in a channel at a depth y metres above
the channel bed, V is the mean axial velocity, y is the Von Karman constant, R, is the hydraulic radius,
and S is the slope of the channel. Equation 12 is the Manning equation, in which #» is the Manning

roughness coefficient.

The Chryss et al. beach slope model is complex and difficult to apply in comparison to the others tested
in this chapter. A particularly difficult aspect of its application comes in defining 7, the yield stress of
the bed material. For the alluvial fan data this was not attempted, since not enough was known about
the bed formed in those experiments. Likewise, this model was not applied to the small scale flume

data either, because of the difficulty in assigning a bed yield stress. Since no method was provided for
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calculating this parameter, and with an absence of relevant experimental data available for
approximating a value, it was assumed that the concentration of the bed tailings was 70% w/w, since
this value was used by Chryss et al. in their work. As suggested by Chryss et al, a Manning’s n value
of 0.0081 s/m'” was assumed, which was based on an empirical fit calibrating flume data. An y value

was determined from the graph presented by Chryss et al. The fit plot generated through this work is

presented below as Figure 80.
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Figure 80. Fit plot of the Chryss et al. 2006 model

The fit plot presented above as Figure 80 shows that the Chryss et al. model generally predicts poorly
for the 3 data sets that were tested. Given the lack of information regarding the bed yield stress, it is
felt that this model is generally not practical to apply in the prediction of beach slopes until more
research is conducted on the characterisation of channel beds on a tailings beach. The assumed value
for Manning’s # is also seen as an oversimplification that deserves more attention if this model is to be

seriously presented for predicting beach slopes.
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4.5 Statistical analysis of the accuracy of the predictions

In order to objectively quantify the accuracy of the predictions made by each model, several commonly

used indicative statistics were considered (Willmott 1982):

1 & A2
e  Mean squared error (MSE) MSE = ﬁ Z (xi - ‘xi) (63)
i=1
N
A2
e Residual Sum of Squares (RSS) RSS = Z (xi - xi) (64)
i=1
1 N
e Mean absolute error (Eyg) Evr = W Z ‘xi - X (65)

i=1

where N is the number of points in a data set, x; is the estimated value and ii is the true value.

All three of these statistics provide an objective indication of the accuracy of fit of the data to the ideal
prediction line, though the respective values that each will take can be quite arbitrary in some cases,
and possibly misleading in others. For example, it is expected that the residual sum of squares will
appear to be very large when presented for a data set with 20 values when compared to a data set with 5
values, which might mislead the viewer to believe that the large data set has a poorer fit than the
smaller data set. The mean squared error will avoid this problem because the size of the data set will
no longer have an impact on its value, but the value itself will not carry any meaning in relation to the
data. Alternatively, the mean absolute error will also avoid the effect of data set size, but with the
added benefit that its value will be of a magnitude that is directly comparable to the original data in real
terms. For these reasons, the mean absolute error has been chosen as the representative indicator of the

predictive accuracy of the slope models.

The use of either Pearson's coefficient or the Coefficient of determination (R% equal to the square of
the Pearson coefficient) have been considered here instead of these other statistics, but neither of these
two statistics are appropriate in this case because they are only applicable for indicating how well a line
(or curve) of fit can be imposed on a field of data points. In the work done here, we are looking at how
closely the data points fall to an arbitrarily defined line, rather than looking at how well a fitted line

describes the field of data points. In every case, though we are hoping that the data falls close to the
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ideal line, we know that the line is not a fit to the experimental data, because each model that we are
testing was created independently of the data sets that were used to validate it (with the exception of the
depth and hydraulic radius equations in the Fitton et al. 2006 model (equations 13 and 62), which were

empirically calibrated with the field flume data.

The mean absolute error has been calculated for each of the data sets tested in this chapter. These error
statistics are presented in Table 8 to enable a comparison of the predictive accuracy of the slope models

tested here.

Model Field flume|Stack data |ATC data |Alluvial fan|Small flume
Melent'ev et al. 1973 0e 1.5 1.8 3.2 1.5
Robinsky 1973 1.2 1.9 1.3 4.4 1.4
Blight and Bentel 1983 (corrected 1985) 2h 1.4 1.3 5B 24
Williams and Meynink 1986 1.8 1.1 4.6 1.3 3.3
Wiates et al. 1987 1.2 1.0 0.94 33 24
Baldt 19588 1.7 22 7.4 4.0 1.2
YWinterwerp et al. thearetical 1930 22 1.0 21 28 1.8
Winterwerp et al. empirical 1950 4.2 3.0 4.4 19.6 283
Kupper 1991 4.0 5.1 3.0 27 1.7
Farker et al. 1998 206 252 240 4.5 22
Parker et al. 1998 with Whipple et al. 1533 51.3 896 358 158.1 3.4
Farker et al. 1998 with Sun et al. 2002 58.8 63.9 657 27 22
Sofra and Boger 2001 2.4 1.5 26 5.6 2.4
Pinta and Barrera 2002 8.1 52 130931 433 18.2
Fitton et al. 2006 0.7 07 0.65 248 85
Chryss et al. 2006 1.9 1.3 0.858

Table 8. Statistical evaluation of the prediction accuracy of the models tested, showing the mean
absolute deviation for each data set. Low figures indicate good agreement between predictions
and the measured data.

The data presented above in Table 8 enables the predictive performance from the 16 tested models to
be compared. To make the comparison clearer, a series of bar graphs are presented in Figures 81 to 85,

with each graph presenting the best performing models for each of the five data sets tested:
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Field flume data: Accuracy of predictions
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Figure 81. Statistical comparison of the best predictions made against the field flume data set,
showing the mean absolute deviation for each data set. Low figures indicate good agreement
between predictions and the measured data.

Figure 81 shows that the Fitton et al. model predicted well for both sets of flume data with a mean

absolute error below 1% slope in both cases, but was out-performed on the Cobar flume data by the

Melent’ev et al. model and the Robinsky graph fit equation.

Tailings stack data: Accuracy of predictions
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Figure 82. Statistical comparison of the best predictions made against the tailings stack data sets,
showing the mean absolute deviation for each data set. Low figures indicate good agreement
between predictions and the measured data.

Figure 82 shows that the Fitton et al. model predicted better than the other models against the Sunrise
Dam stack data, but the results for the Cobar stack were mixed, with the Williams & Meynink model

predicting better than the others in the upper third of the stack, the Fitton et al. model performing best
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over the middle third and the Robinsky graph fit equation doing the best on the lower third of the stack.
Overall, the Fitton et al. model performed better than the others with the tailings stack data, with the

lowest overall mean absolute error.

ATC data: Accuracy of predictions
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Figure 83. Statistical comparison of the best performing models against the Australian Tailings
Consultants (ATC) data set, with the mean absolute deviation shown for each data set. Low
figures indicate good agreement between predictions and the measured data.

Figure 83 shows that the Fitton et al. model predicted better against the ATC data than the other

models, with the Chryss et al. and Wates models following with the nearest performance statistics.

Alluvial fan data: Accuracy of predictions
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Figure 84. Statistical comparison of the best performing models against the Alluvial fan
experimental data set, with the mean absolute deviation shown for each data set. Low figures
indicate good agreement between predictions and the measured data.
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Figure 84 shows that the Williams & Meynink model performed considerably better than any of the
other beach slope models in predicting the slopes observed in the alluvial fan experiments. The next
four models shown are the Williams & Meynink model, the Winterwerp et al. semi-emprical model, the
Kupper model, the Parker et al. model with Sun et al. parameters and the Fitton et al. model, all of

which performed relatively poorly with mean average errors around 2.7% slope.

Small flume data: Accuracy of predictions
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Figure 85. Statistical comparison of the models that performed best against the small scale
laboratory flume experimental data set, with the mean absolute deviation shown for each data
set. Low figures indicate good agreement between predictions and the measured data.

Figure 85 shows that the Boldt model predicted better against the small flume data than the other
models, with a mean average error of 1.2% slope. However, this figure also exposes an interesting
aspect of this statistical comparison exercise, since the Boldt model uniformly predicted slopes of
1.95% for every point in the small flume data set (shown in Figure 66), and the Robinsky model also
predicted uniform slopes of about 1.3% for the entire data set (Figure 61), yet both of these models
gained mean absolute error values that were lower than any of the others. This result occurred because
the other models went to the opposite extreme in being too sensitive to the data in the small flume set,
predicting slopes that were even further from the measured slopes (on average). Though this finding
could be argued to expose a practical limitation of the type of statistical approach that has been adopted
here, it is asserted that such results do have merit in showing how good a model is in the context of

applying it to predict tailings beach slopes. From this, we can say that none of the models actually
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predicted well against the small flume data set. Instead it should be said that the Boldt model predicted
poorly and the others fared even worse. From this it must be recognised that the small scale flume
experiments presented a significant deviation from tailings beaches in terms of scale, the fluids used,
the concentration range tested, the channel shapes formed, the range of flow rates, the channel

roughness and the particle sizes tested.

4.6 Discussion of beach slope model validation

Of the models found in the literature, the Fitton et al. model has yielded the best predictions against 3
of the 5 sets of data. In the case of the field flume data this is hardly surprising, since this model was
empirically calibrated with this data. The stack data was also predicted best by the Fitton et al. model,
though it is conceded that the stack data reports on the same slurries as those used in the flume tests, so
the Fitton et al. model is also at an advantage in this respect over the other models. However, the Fitton
et al. model predicted best against the Australian Tailings Consultants (ATC) data set, which does
provide strong and completely independent validation for this model. The Williams & Meynink model
performed better than the other models against the alluvial fan data set. Finally, the small scale flume

data was seen to be best predicted by the Boldt model.

The majority of the models tested here were created for the prediction of beach slopes, so the
independently collected data contained in the ATC set is seen as the most applicable data set of the five
presented here for the validation of these models. Some of the models were not developed with a
channel mechanism approach, so flume data does not suit such models conceptually. Models such as
the Blight & Bentel model and the Sofra & Boger model fit into this category, since these two models
were developed with a completely different approach towards the formation of a tailings beach. The
small scale and low concentration range of the alluvial fan data makes it of less value and relevance
than the ATC data. For these reasons, the performance of the beach slope models against the ATC data
set is seen as the most critical test in this exercise. With the Fitton et al. model making the closest
predictions against this data set, it is evidently the best beach slope prediction model of those tested

from the literature.
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Chapter 5: Development of new beach slope models

In this chapter three new tailings beach slope models are presented:
e A simple empirical model
e An a priori model
e A hybrid semi-empirical model

The presentation of three models (instead of one) is justified on the basis that each one has its own

advantages and purpose relative to the other two. This will be clarified as each one is presented.

5.1 The simple empirical beach slope model

A simple equation that enables engineers to make a quick and reasonable estimate of a beach slope is a
desirable and useful tool. Ideally, such a model would have very few input parameters, thereby
minimising the amount of experimental measurement and other data collection that is required for its
application, yet make reasonably accurate slope predictions. An equation is presented here for this

purpose, which is based on an empirical fit to the experimental field flume data.

It was observed during the field flume experimental work (in section 3.3.7) that the flow rate had the
greatest effect on the resultant equilibrium slope, with low flow rates resulting in steep equilibrium
slopes. The slurry concentration was also observed to have an effect on equilibrium slopes. Very low
concentrations had a dramatic effect, with segregation of the slurry particles occurring in the flume
while the concentration was below the segregation threshold of the slurry. These very low
concentrations resulted in equilibrium slopes that were very flat. However, for slurries above the
segregation threshold, this trend occurred on a much weaker basis, with low concentrations still
resulting in low slopes, but with many cases defying the trend due to the effect of a low flow rate
overriding the effect caused by the low concentration. The new simple model is based on the trends
noted between these two variables and the equilibrium slope of the flume, which are each plotted

separately against the equilibrium slope in Figures 86 and 87.
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Figure 86. Plot of flow rate against equilibrium slope for the field flume data
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Figure 87. Plot of concentration against equilibrium slope for the field flume data

An equation based on these two trends was formulated with an empirical constant that was calibrated to

fit the field flume data, which appears as follows:
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i 26.6C,,°
Jo

where Cyy is the slurry concentration (fraction w/w) and Q is the flow rate from a spigot (I/s).

(66)

5.1.1 Validation of the simple empirical model

For the validation of the simple empirical model, the usual five sets of validation data (field flume data,
stack data, ATC data, alluvial fan experimental data and small flume data) have been used, but in
addition, an extra three groups of data (labelled “Seddon beach data (max slopes); (mean slopes) and
(min slopes)”) have been added to the usual five. These three new groups have been cited from the
Seddon data set, which features tailings beach slope data from 30 different mines around the world that
have appeared in various papers and reports between 1996 and 2006. A copy of the Seddon data set is
presented in Appendix M. This data set is not complete, due to the omission of various data in the
literature that it is based upon. Furthermore, no rheological data is provided for any of the 30 tailings
slurries reported in the set, which is why it was not used as a general validation data set for the
validation of other tailings beach slope models. However, since this new simple empirical model only
requires the flow rate and concentration as input parameters, the Seddon data set can be applied in
validating it. The three groups of Seddon data refer to “max slopes”, “mean slopes” and “min slopes”,
which respectively represent the maximum beach slope reported from a mine; the calculated mean

beach slope (if a range of slopes was quoted); and the minimum slope reported. The fit plot of the

simple empirical model is presented in Figure 88.
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Fit Plot - Simple empirical equation
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Figure 88. Fit plot of the Fitton simple empirical equation

Figure 88 shows that the simple empirical model predicts well against the field flume data (to which it
was calibrated), the stack data, the ATC data and the Seddon data set. The model predicted very poorly
against the small scale flume data and the alluvial fan data. The poor performance of the simple
empirical model against these two small scale data sets is due to the sensitivity of the model to the low
concentrations featured in these data sets. The power of two applied to the concentration (which is
expressed as a fraction) results in very small slope predictions when the concentration is small, even if
the slurry is flowing at a low flow rate. However, in defence of the simple empirical model, the
concentrations (by weight) featured in the small flume data set range from 0.003% and 13%, and the
alluvial fan experimental data set range between 1.0 and 15%. Both of these ranges of concentration
are well below the slurry concentrations that are typically seen on tailings beaches. Even stronger
defence of the simple empirical model is provided by its good predictive performance against the stack
data, the ATC data and the Seddon data set. These three sets all contain full scale tailings beach slope
data, with the latter 2 featuring a combined total of 47 full sized tailings beaches from around the

world.

5.1.2 Discussion of the simple empirical model

It is acknowledged that the simple empirical model is crude. There is a complete ignorance of the

rheology of a tailings slurry, with the outdated assumption that knowledge of the concentration of a
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slurry is sufficient in this regard (see section 3.3.13 for discussion of this topic). There is an absence of
consideration for particle size or density, carrier fluid density, or for the channel geometry. However, it
can be seen in Figure 88 that the predictions made with this simple equation against the beach slope
data compare favourably with the models presented earlier. Furthermore, this model does serve its
purpose well, since it enables a rough prediction of beach slope to be made when there is a lack of
rheology or particle size data (or any of the other parameters required in the more complex models
presented in this work), plus it is easy to apply. It can be utilised to make a quick beach slope
prediction without the use of a computer, where many of the other beach slope models can not. On this
basis, the simple empirical model presented here presents a useful tool to engineers and mine operators

when a rough slope prediction is needed quickly in the absence of detailed data.

For application of the simple empirical model without using its equation (equation 66), a chart is
presented in Figure 89 that enables a beach slope to be predicted on the basis of the flow rate and
concentration of slurry. To use the chart, first calculate the effective flow rate from each discharge
point. (if the slurry is being discharged from 4 spigots, then divide the total flow rate by 4 to get the
effective flow rate) Draw a vertical line from the x-axis from the value of the effective flow rate until
the applicable concentration contour is hit. From there, draw a horizontal line to the y-axis to read off
the predicted beach slope. It is important that the total tailings flow rate is divided by the number of
open spigots in order to determine an effective flow rate. If the spigots are not of equal diameter, or if
some of them are partially closed compared to others, it will be necessary to determine the flow rate
from each spigot if a resultant beach slope is to be predicted. The experimental flume data points have

been presented on the chart to show how well this data coincides with the model.
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Simple beach slope model with field flume experimental results overlaid
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Figure 89. Chart based on the simple empirical model.

The prediction quality statistics for the simple empirical model are presented in Table 12 (section 5.7)
along with the fit statistics for the better performing models tested from the literature in Chapter 4 and

the other new models presented in Chapter 5, to show how it compared with those models.

5.2 Development of an a priori model

The Latin term “a priori” is defined by the Oxford dictionary as “from what is before”. It describes the

application of previous knowledge to reach a conclusion.

It is desirable to construct a beach slope prediction model that dispenses the empirical reliance on the
field flume data. This would allow the field flume data to be used as a powerful data set for validating

the model, instead of being spent on calibrating an empirical model

The ideal outcome here would be to construct a new model with fully theoretical existing equations, but
this ideal is sorely compromised by the relative difficulty of modelling turbulent fluid dynamics, as
history has demonstrated. (Slatter 2006) It is fair to say that the progressive efforts of various workers

in this field have enabled some significant advances in the degree of incorporation of theory into the
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current state of the art, but there is no fully theoretical model currently in existence to meet this

challenge.

In light of this predicament, a pragmatic approach will be applied here to work towards the

development of an a priori model that predicts well and is relatively easy to use.

Existing empirical equations will be methodically tested for their fitness to be incorporated into this
new a priori model. Such existing empirical equations are seen to hold more credibility than the Fitton
et al. model or the simple empirical model on the basis that they have been calibrated from
independently gathered data that has been collected by impartial workers in a variety of other practical
contexts. Many of these existing empirical equations have been built on larger or more diverse sets of

data than the Fitton et al. model and the simple empirical model, which also adds to their credibility.

The ease of application of this new a priori model is also a consideration here. It is desirable that the
model can be utilised by practical engineers who are equipped with only a calculator or modest
computer. It is therefore intended that this new model will be as simple as possible, without

significantly compromising its predictive capability.

5.2.1 Flume design approaches

A useful place to start in this quest for an a priori slope prediction model is to consider some flume
design approaches that have already been presented in the literature. It is reasoned that such
approaches should be able to model the processes that were observed within the experimental field
flume, though it is expected that any safety factors and other conservative approximations contained
within these flume design approaches to avoid solids deposition may cause the slope predictions to be

higher than the experimentally observed flume slopes.

Faddick proposed a flume design method based on the Froude number and a minimum required

horizontal velocity. (Faddick 1986) He postulated that a Froude number less than 1.25 would

Tailings beach slope prediction Tim Fitton




Chapter 5 — Development of new beach slope models 167

introduce unstable fluctuations in depth and velocity in the flume and allow solids to settle on the flume
bed, so he adopted this minimum permissible Froude number as a design criterion. He presented the

following equation for the Froude number, Fr:

Fre—t_ (67)

T

where V' is the mean velocity of the flow, g is the acceleration due to gravity and y is the depth of flow.
This form of the Froude number equation assumes that the open channel is wide, with the definition for
“wide” entailing a width to depth ratio of at least 30, but Faddick assumes that wall effects will be

negligible in a narrow flume.

Faddick’s proposed design method also contained a minimum velocity criterion, based on an empirical
relationship between the unhindered settling velocity of a large particle in the carrier fluid and the

horizontal velocity of the fluid at a particular depth. The minimum velocity equation is as follows:

uy, =35V (68)

where ug; is the axial velocity at a depth of 10% of the total depth of flow, and V is the unhindered
settling velocity of the largest particle in the slurry. The Prandtl velocity distribution equation for wide
channels was adopted as a means for modelling the velocity profile of the flow, which appears as

follows:

u=v+L [gR S, {1 . 1n(lﬂ (69)
X y

where u is the axial velocity at a depth y’ from the channel bed, y is the Von Karman universal
constant, Ry is the hydraulic radius of the channel (equal to the ratio of the cross-sectional area of flow
and the wetted cross-sectional perimeter), and S, is slope of the hydraulic gradeline (assumed to run

parallel to the bed slope). Again, Faddick assumed that his narrow channel would cause negligible
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effects on the accuracy of this velocity profile model. He also assumed a value of 0.2 for the Von

Karman constant for slurries.

Faddick’s method used the Manning equation for estimating for the flow resistance in the channel:

V:%RHZBSOI/Z (70)

where 7 is the empirical Manning roughness coefficient. Finally, the flow continuity equation was also

used in Faddick’s flume design method for determining the depth of flow:

(71)

~
[l
nQ

where Q is the flow rate of a fluid and A is the cross-sectional area of flow.

The Faddick flume design method was applied to the experimental field flume data to evaluate its
accuracy for predicting the experimentally observed equilibrium slopes. One deviation was made from
Faddick’s method in an attempt to better suit the geometry of our flume, which was the adoption of a

more general form of the Froude number equation as follows (Chow 1959):

Fr= v (72)

gD

m

where D,, is the hydraulic depth (equal to the ratio of the cross sectional area of flow and the width of
the fluid surface). This equation enables the Froude number to be calculated for non-rectangular cross
sections, and avoids the assumption of negligible wall effects. Other assumptions that were made by

1/3

Faddick have been applied here. A Manning’s n value of 0.012 s/m "~ has been used, based on the

correlation presented by Chryss et al. (2006). The fit plot of this test is presented below:
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Figure 90. Fit plot of slopes predicted by the Faddick 1986 flume design method.

The fit plot shows that Faddick’s design method has over-predicted the slope of the flume in almost all
cases, but for some points, this over-prediction was much greater than was expected. This deviation
between the predicted slope and the experimentally observed slope has been plotted against the
applicable flow rate of each point to yield Figure 91, which shows a strong connection between
prediction error and low flow rates. It is suspected that this is due to non-Newtonian effects that
become much more apparent at low flow rates, which are not covered by the basic form of the Manning
equation used here in the estimation of flow resistance. However, for large flow rates (which are
generally the case in industrial flume applications), it can be said that the Faddick flume design method

works quite well on the basis of the analysis presented here.
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Figure 91. Plot of prediction error vs flow rate for the Faddick 1986 flume design method.
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Wilson 1991 (homogeneous slurry flume design method)

Wilson (1991) presented a homogeneous slurry flume design method that was based on the design
criterion of Faddick, proposing that the Froude number of the flow be equal to 1.2. The method is

abbreviated to the following equation:

D, =kQ" (73)

where D, is the equivalent diameter of the cross-section of the channel (equal to 4Rj), and k; is a
coefficient that is calculated by substitution of the various geometric parameters of the nominated
cross-section. Wilson suggested the application of the Manning equation once again for determining
the flume slope. This method was applied to the field flume data, using the originally observed flume
depths as input parameters, yielding the fit plot Figure 92. It is noted that Wilson’s model has under-
predicted the flume slope in every case, implying that a flume designed by this method would suffer
from particles depositing on its bed and ultimately causing the slurry to overflow. Also, the predicted
slopes are almost the same in every case. This can be attributed to the insensitivity of the Manning
equation to the viscous effects of the concentrations of the slurries tested, as well as the requirement
that the Froude number be equal to 1.2 in every case. Wilson later states that this model suffers from

its insensitivity to the slurry rheology, and goes on to present a rheologically active model.

Fit Plot - Wilson (1991) flume design model for homogenous slurries
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Figure 92. Fit plot of the Wilson 1991 homogeneous slurry flume design method.
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Wilson 1991 (homogeneous slurry flume design method with rheological modification)

This rheologically modified flume design method essentially replaced the Manning equation with the
Colebrook-White equation, which contains a viscosity term. (Wilson 1991) Once again, Wilson
maintained the same Froude number design value of 1.2. The presented form of the Colebrook-White

equation is as follows:

0.89,
A e Pl (74)
U 37D, p,U*D,

where U* is the shear velocity equal to (gR;/)™’, e is the boundary roughness (m), 4y is the slurry

viscosity and pr is the slurry density. For calculating the effective viscosity, equation 61 (section

4.4.13) was used.

A fit plot of this rheologically modified flume design method is presented in Figure 93. As before, the
experimentally observed depth values were used, and once again it is found that the design method

under-predicts the slope of the flume.

Fit Plot - Wilson (1991) model for homogenous slurries - Rheologically modified
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Figure 93. Fit plot of the Wilson 1991 rheologically sensitive flume design model.
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Wilson (1991) also presented a coarse particles slurry flume design method, for which he defines
“coarse” as being of coarse sand size and larger. The particles in the tailings slurries tested in the field
flume were generally much smaller than coarse sand, so for this reason no application of Wilson’s

coarse particle design method is shown here.

In conclusion to this investigation of flume design methods as a means of predicting the equilibrium
slope in the field flume, it has been found that none of the methods tested provided an accurate result
against the experimental data, although the Faddick model predicted better against the data featuring
larger flow rates. For channels carrying flows greater than 25 1/s, the results presented here would
suggest that the Faddick model would predict equilibrium slopes accurately. However, the results of
this exercise do not provide a reasonable model for the prediction of the flume data, so it is therefore

necessary to consider another approach.

5.2.2 A sediment transport approach

The term “equilibrium slope” and its definition as described by Winterwerp et al. (1990) draws many
parallels to the concept of “minimum transport” presented by several workers in the field of sediment
transport. (Durand 1953; Gillies & Shook 1991; Wasp et al. 1977) In this chapter, it is postulated that
the two concepts are essentially the same. This theory will be tested through the adoption of the

minimum transport velocity concept as part of a channel slope model.

In a similar fashion to the flume design models considered above, this model will also be based on
some well established aspects of open channel fluid dynamics and rheology. To test the proposed
theory that equilibrium flow conditions in a channel are the same as the minimum transport conditions
as defined in numerous sediment transport works, a minimum transport velocity equation will be used
to calculate V¢, the minimum transport velocity. The trial depth will then be adjusted until the mean
velocity is equal to the minimum transport velocity. Finally, a flow resistance equation will be used to
determine a channel slope on the basis of this mean velocity. At this point it is asserted that an

equilibrium slope is reached.
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5.2.3 Selection of a flow resistance equation

There are a number of commonly used flow resistance equations available in the literature, all of which
enable the prediction of the head loss of flow in open channels. It is of interest to compare these
equations and determine which one best suits the prediction of head loss of tailings slurry in open
channel flow. The applicable models will be tested against the experimental flume data by using them
to predict the depth of flow in the flume and then comparing the predictions with the observed depth

values.

Manning’s equation provides the most popular means for predicting the depth of uniform flow in an
open channel. Though it was developed for modelling the flow of water in an open channel, it has
since been applied to other non-Newtonian fluids flowing in open channels, such in the slurry flume
model proposed by Faddick. (presented in section 5.2.1) The Manning equation was been presented in

section 5.2.1 as equation 58, and is restated below:

vV =;RH2/3SOI/2 (75)

where V is the mean velocity of the flow, # is the empirical Manning roughness coefficient, Ry is the
hydraulic radius of the channel (equal to the ratio of the cross-sectional area of flow and the wetted
cross-sectional perimeter), and S is slope of the hydraulic gradeline (which runs parallel to the bed
slope during uniform flow). Of particular interest here is the Manning roughness coefficient, which is a
purely empirical number that accounts for the friction losses incurred by the channel boundaries.
Manning’s equation is simple to use, but is dependant on the accuracy of the empirical roughness
coefficient, n. Much research has been done to present values of n for commonly encountered channel
boundaries such as concrete or grass lined channels, but these published values for 7 are only suited to

water in open channels.

Experimental work by Strickler in the 1920’s led to a modified form of the Manning equation that
enabled the determination of n for flows with granular beds. Strickler’s 1923 equation appears as

follows (Morris 2006):
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(76)

Where 4 is a dimensional coefficient equal to 21.1 m'?/s, and ds, is the median particle diameter of the
grains forming the channel bed. If the slurry particle median diameter from the field flume experiments
is used for this term, the following fit plot is generated when using equations 75 and 76 to predict the

depths observed in the field flume:

Depth Fit Plot - Manning equation with Strickler correlation
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Figure 94. Depth prediction fit plot of the Manning equation with the Strickler 1923 correlation

In 1946 Lacey proposed an empirical value of 11.8 m'"%/s for the 4 term in the Manning-Strickler
equation to predict the head losses of “Lacey regime flows”, defined as flows in which no long term

scour or deposition takes place. (Morris 2006) A fit plot using this 4 value follows:
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Depth Fit Plot - Manning-Strickler equation with Lacey (1946) correlation
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Figure 95. Depth prediction fit plot of the Manning-Strickler equation with the Lacey 1946
correlation

It is evident from Figure 95 that the Manning-Strickler equation with the Lacey correlation fits the
flume data very well. This suggests that “Lacey regime flows” and their definition would coincide with

the concept of equilibrium slopes that was presented by Winterwerp et al. (1990)

Morris presented another correlation for flows in self-formed channels on tailings beaches, where the
dso value used was the median particle diameter in the slurry and not the bed. His correlation returned

an 4 value of 4.7 m"?/s. (Morris 2006) A fit plot of the Morris correlation follows:

Depth Fit Plot - Manning-Strickler equation with Morris (2006) data correlation
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Figure 96. Depth prediction fit plot of the Manning-Strickler equation with the Morris 2006

correlation
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Morris then proposed a new equation for predicting the value of 4, based on a correlation to the

gravimetric solids concentration of the particles in the fluid, Cy, which is as follows (Morris 2006):

A=3.950+18.08exp(~17.91C,,) (77

A fit plot arising from the application of Morris’ model is presented below:

Depth Fit Plot - Manning-Strickler equation with Morris {2006} model
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Figure 97. Depth prediction fit plot of the Manning-Strickler equation with the Morris 2006
concentration correlation

Figures 96 and 97 show that Morris’ experimentally derived correlations do not fit the field flume data
as well as Lacey’s correlation (in Figure 95), even though Morris’ experimental work was specifically

focused on tailings slurries, where Lacey’s was not.

The Chezy equation provides another open channel friction loss model (Chadwick et al. 2004):

v =C\R,S, (78)

where C is the Chezy friction factor. The Chezy equation is very similar to the Manning equation, with
the only real difference being the power of 4 being applied to the hydraulic radius, Ry, instead of the

2/3 featured in Manning’s equation. As a result, the Chezy roughness coefficient, C, can be related to
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Manning’s n with the following equation, which is derived by equating the Manning and Chezy

equations:

C= (79)

Due to this similarity of the Chezy and Manning equations, the Chezy equation has largely fallen into

disuse in favour of the more popular Manning equation.

The Darcy-Weisbach equation was developed for determining the head loss in pipe flow, but can be
readily adapted to open channel calculations. Unlike the Manning and Chezy equations, the Darcy-
Weisbach equation is theoretically derived from first principles. It applies to both turbulent and
laminar flow conditions. The common form of the Darcy-Weisbach equation is as follows (Douglas et

al. 1983):

hy=fo—=75— (80)

where 4, is the head loss in a pipe of length L and diameter D. V is the mean velocity of flow, g is the
acceleration due to gravity and fp is defined as the Darcy friction factor. This is the pipe flow form of
the equation, but it can be adapted to open channel flow using the following geometric relationship

(Chadwick et al. 2004):

D=4R, (81)

Another equation that further simplifies the application of the Darcy-Weisbach equation to open

channel flow is the geometric relationship (Chadwick et al. 2004):

hy

Sy = A (82)
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Equations 80, 81 and 82 can be combined to yield the following open channel form of the Darcy-

Weisbach equation:

_8gR,S,
fo="pa (83)

Like its Manning and Chezy counterparts, the head loss predictions of the Darcy-Weisbach equation
are also affected by the value chosen for the friction factor. It is noted that the Darcy friction factor, fp,
is the only non-dimensional one of the three. A significant amount of experimental research has been
done in an effort to predict the value of fp, n or C for various scenarios; the most relevant of all of the
various research studies was that done by Nikuradse in the early 1930°s, in which he conducted pipe
flow experiments with the inside surface of the pipe coated with sand grains of a uniform diameter, £;.
He discovered that the pressure loss in a pipe was not affected by the roughness of the pipe at relatively
low pressure gradients, despite the flow being fully turbulent. Conversely, he also discovered that the
viscosity of the fluid had no effect when the pressure gradient was very high, but in between these two
extremes, he found that the viscosity and the roughness both had an effect on the friction losses in the
pipe. In the mid 1930°s Colebrook and White further investigated the findings of Nikuradse. In 1937
they presented a paper in which they combined the two correlations observed by Nikuradse, thereby
introducing the empirical Colebrook-White equation for enabling the determination of an f, value for a
given turbulent flow of a Newtonian fluid in a pipe (Colebrook & White 1937). Colebrook and White
then presented some typical k; values for commonly used pipe materials. Various other workers have

since published more £; values for other surfaces (Abulnaga 2002).

The common pipe flow form of the Colebrook-White equation is shown below (Chadwick et al. 2004):

k .
L - leg, L 2.51

7 D" Reys, (84)

It can be seen that this equation is implicit of f, and so is not simple to apply. It can be used iteratively

to determine an f5 value that will be accurate to a few decimal places after 4 or 5 iterations, but to do
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this manually is a tedious process. For this reason, the Colebrook-White equation is often applied in a
chart form in the popular Moody diagram, which enables the determination of a value for f, for a pipe
if the pipe roughness, £, and the Reynolds number, Re, are known. For pipe flow calculations the
Moody diagram is very popular and convenient. However, with the recent widespread use of

computers, the iterative work involved in calculating a value of f, can be easily managed.

The Colebrook-White equation can be applied to open channel flow using the conversion (equation 69),

which gives the following (Yen 2002):

L e, | e 2 (85)

For Newtonian fluids in open channel flow, the Reynolds number is calculated by (Haldenwang 2003):

B 4pVR,,
Y7,

Re (86)

where p is the viscosity of the fluid. For non-Newtonian fluids in open channel flow, Haldenwang et
al. (2002) presented the following equation for calculating the Reynolds number, with the rheological

properties of the fluid expressed in terms of the three Herschel-Bulkley fitting parameters z,, K and n:

8oV’
T, + K{W}
RH

It can be seen that equation 87 can easily be derived with the substitution of equation 61 into equation

Re,,; = (87)

86, which is how Haldenwang et al. generated it.

Of key interest in this work is the &, parameter from the Colebrook-White equation, which represents

the roughness of the pipe or channel walls (expressed in meters). In Nikuradse’s experiments the £;
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values were defined by the diameter of the sand glued to the pipes. Further research was done by
Colebrook & White (1937) and others in defining k; values for pipes and channels made of specific
materials such as steel and concrete pipes (Abulnaga 2002). However, in a self formed open channel
that has been eroded into a deposit of tailings, the roughness of the channel boundaries must be defined
by the size of the grains in the underlying bed material. Ikeda et al. (1988) presented an approximation
for k, being equal to 1.5 x dgyp. Abulnaga (2000) states that £, in an open channel “is often taken to be
equal to twice the grain diameter”, but then goes on to say that there is very little published to support
this. In this work with slurries of non-uniform grain size, the following six values were tested for %, in

this apparent absence of a generally accepted convention:

e dy
e 2xdy
o dys

o  2xdgs

e 1.5xdy
e 2Xxdy

All six of the tested &, values were found to generate good depth predictions upon comparison with the
flume data, though the 2 x dy option yielded the best predictions. The fit plot generated using &, =2 x
doy has been presented here as Figure 98, while the fit plot for &, = d5, has been presented as Figure 99

to show the relative difference between the best and worst performing of these values.
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Depth prediction fit plot (ke = 2dan)
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Figure 98. Depth prediction fit plot with k; equal to 2d,,
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Figure 99. Depth prediction fit plot with &, equal to ds

Figures 98 and 99 demonstrate that the Colebrook-White equation, though empirically developed for

pipe flows, works very well for open channel flows as well.

The statistical comparison of the predicted depth values against the experimentally measured depth

values for each flow regime is presented in Table 9, with the mean absolute deviation for each group of

data presented as the descriptive statistic of the quality of the prediction.
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k; value used Mean absolute deviation (expressed in mm)
Sunrise Dam Cobar (Nonseg. Over:
verall
Mor-seg.  Seg. | Mon-seg. [ Owverall
dso 2.3 a7 2.0 ElneE) Ehs
2 x d&0 2.3 2.6 2.0 it ElneE)
dgs 3.2 2.0 2.9 it it
2w dik a1 2.6 2.6 3.0 2.9
1.5 % d90 {Ikeda et al 1988} a1 2.7 2.6 3.0 2.9
2 % don 3.0 2.5 2.8 3.0 2.9

Figures indicate the mean absolute deviation between the experimentally measured depth and the predicted depth (mm)

Table 9. Comparison of the accuracy of depth predictions using different %, values in the
Colebrook-White equation

This exercise has demonstrated that all of the six proposed k&, values will enable a good depth
prediction, indicating that the Colebrook-White equation is robust in relation to the k; value, and will
competently predict the Darcy friction factor for the turbulent flow of slurries with such fine particles.
This finding would suggest that the Colebrook-White equation is insensitive to such small k; values as
those tested here, but this insensitivity only occurs with relatively viscous fluids when the Reynolds
number of the flow is in the transition turbulent region, such as in the non-segregating flows observed

in the field flume. In such flows the &, /(14.8R;;) roughness term in the Colebrook-White equation is
about 30 to 300 times larger than the 2.51/(Re/ f;, ) viscous term, depending on the &, value used.

However, when segregating slurries were run in the field flume, the Colebrook-White equation was
more sensitive to the bed roughness. Such slurries had lower viscosities and higher Reynolds numbers,
causing the ratio of the roughness term to the viscous term in the Colebrook-White equation to drop to
a range of 1.5 to 20, depending on the k; value used. This finding relates closely to the observations of
Nikuradse (discussed above). For the segregating flows it was found that this flow resistance model
under-predicted the depth when smaller values of k; were used. This would suggest that the channel
boundaries are lined with larger particles in the case of segregating slurries, which would make sense
on the basis that segregating slurries drop large particles preferentially, whilst non-segregating slurry
particles tend to settle indiscriminately of their size. This reflects the experimental observations, as
well as the findings of several others who noted that the large particles settle first in segregating slurries

(Blight 1994; Fan & Masliyah 1990).

The Colebrook-White equation is used to calculate the Darcy friction factor for turbulent fluids in a

pipe or channel, but it is not applicable to laminar flows. The equation for calculating the Darcy

Tailings beach slope prediction Tim Fitton




Chapter 5 — Development of new beach slope models 183

friction factor for laminar flows follows, which is reduced from equating the Darcy-Weisbach equation

with the theoretically derived Hagen-Poiseuille laminar equation (Chadwick et al. 2004):

_64 (88)
/o Re

A significant problem encountered in open channel flows is in defining the point of transition between
laminar and turbulent flows. Much confusion exists over the transition point in channel flows, with
many workers defining it as the Reynolds number value of 2000, which is the generally accepted
transition figure for pipe flows, while some others define it at other Reynolds numbers of 500, 1000 or
2100. (Lowe 2003) Deeper analysis of the issue has found that the transition point in channels occurs
at different Reynolds numbers, depending on the rheology of the fluid and other factors. (Haldenwang
et al. 2002) A method for predicting the point of transition in open channels was presented by
Haldenwang, which contained a group of empirical equations that were calibrated on experimental
flume data gathered by the author. (Haldenwang 2003) The application of this method was quite
complex. In this work a new simple method of predicting the point of transition in an open channel is

presented.

5.2.4 A new method for predicting laminar/turbulent transition in
open channels

An new method is presented here for predicting the point of laminar/turbulent transition in an open
channel that can be applied to all fluids, both Newtonian and non-Newtonian. This method utilises the
Hagen-Poiseuille equation (equation 88) and the Colebrook-White equation (equation 85). It is
necessary to know the fluid rheology, density and flow rate, as well as the channel slope, geometry and

roughness. The method is described in the following steps:
1. Guess an initial value of the depth in the channel

2. Calculate the cross sectional area of flow, 4, and the wetted perimeter, P, as a function of the

geometry of the flume channel

3. Calculate Ry, the ratio of A/P
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4, Calculate V, the average velocity in the channel (equal to O/4)

5. Calculate the Reynolds number for the flow using equation (equation 87)

6. Calculate fp using the Hagen-Poiseuille equation (equation 88)

7. Calculate fp using the Colebrook-White channel flow equation (equation 85)

8. Adjust the initially guessed depth value until the two values for f calculated in steps 6 and 7

equate. This is the point of laminar/turbulent transition.

A transition point between transition-turbulent and fully turbulent flow has also been proposed
previously (Haldenwang 2003), but such a point is not defined here, because the empirical Colebrook-
White equation used here is effective in calculating the Darcy friction factor over both the transition-

turbulent and fully turbulent regions, thereby alleviating the need to consider this extra complication.

5.2.5 ldentifying the state of flow in open channels

A closely related subject to the prediction of laminar/turbulent transition in open channels is the
identification of the state of flow in an open channel (ie. whether the flow is laminar or turbulent). The
conventional approach to determining the state of flow is to calculate the Reynold’s number for the
flow and then declare the flow to be laminar if the Reynolds number is below the point of transition, or

turbulent if the Reynolds number is above the transition point.

From the work presented in section 5.2.4, the act of identifying the state of flow can be undertaken in a
more direct way: Calculate f, using the Hagen-Poiseuille equation (equation 88), and then calculate /5
using the Colebrook-White equation (equation 85). If the Hagen-Poiseuille equation calculates a
bigger fp value than the Colebrook-White equation, the flow is laminar. If the Colebrook-White

equation calculates a bigger fp value than the Hagen-Poiseuille equation, the flow is turbulent.

The work presented here in sections 5.2.4 and 5.2.5 is unproven, so some effort is made here to provide

it with some scientific validation. This will be done by applying the method of flow state identification
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in predicting the depth of flow in open channels for a range of experimentally measured channel flow

data. Four independently collected sets of data have been run through this depth prediction method:

1. The first data set will be the field flume data that is presented in Appendix A, which

contains a total of 49 points of data.

2. The second data set, containing 623 data points, was presented by Haldenwang
(2003). He used 3 tilting flumes of rectangular cross section, with respective widths of 75
mm, 150 mm and 300 mm. With slopes varying from 0.01 to 0.05, he ran 4 different non-

Newtonian fluids in his flumes:

. Kaolin slurry with volumetric concentrations ranging from 3% to 10% (240 points)
. Bentonite slurry of 3% and 6% concentration by volume (117 points)

. CMC solution volumetric concentrations ranging from 1% to 3.8% (232 points)

. Carbopol solution of 1% concentration by volume (34 points)

Haldenwang’s apparatus was fitted with an in-line tube viscometer for measuring the
rheological parameters of each fluid at the same time that the fluid was circulated through his
flume. The flume was also fitted with digital depth gauges for measuring the fluid depth
accurately.

3. The third data set, containing only 9 data points, was reported by Seckin et al. (2006)
This data was collected in a 22 metre long tilted rectangular flume with a width of 398 mm.
All 9 runs were done with water, with the flume fixed at a slope of 2.024 x 107

4. The fourth data set, containing 95 data points, will be the small scale laboratory
flume data that was presented in Appendix H. This data set contains Carbopol and CMC

solutions of various concentrations (described rheologically in section 3.4.7) and water.

The depth of flow for each of these experimentally measured flows will be predicted using the
measured slopes, flow rates, rheology, and density data reported in their respective source literature.
The roughness value (k) of all four channels was assumed to be 50 wm, which is deemed to be a
reasonable estimate of the roughness of a laboratory flume, though values of 5 um and 500 um were
also tested and found to have very little effect. The most sensitive data to this change in the &, values

was the Seckin data, which had much higher Reynolds numbers than the other data. When k&, was
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assumed to be 50 um, the mean absolute error in the depth prediction for the Seckin data set was equal
to 0.7 mm. When k; was changed to 5 um, the mean absolute error went up to 1.5 mm, while a &, value

of 500 um resulted in a mean absolute error of 4.8 mm. This depth plot is presented below as Figure

100.
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Figure 100. Fit plot featuring 776 points from 4 experimental data sets.

Figure 100 shows that this new method of identifying the state of flow is effective for non-Newtonian
fluids and slurries over a wide range of channel geometries, flow rates and concentrations (including
clear water flows), since the depth predictions for some 776 open channel flows shows good accuracy
compared to the measured depths. In terms of Reynolds number values, 378 of the Haldenwang points
were found to be flowing in the laminar regime, with the corresponding Reynolds numbers for these
points ranging from 0.06 to 1002. The remaining 245 points from Haldenwang’s data set were found to
be in the transition and turbulent regimes, with corresponding Reynolds numbers ranging from 996 to
124000. The maximum laminar Reynolds number of 1002 and the minimum transition Reynolds
number of 996 are both reasonable values in relation to those reported in the literature. (Haldenwang
2003; Lowe 2003) Further evidence of the correct identification of the flow state is provided by the
accuracy of the depth predictions presented in Figure 100. If the laminar Hagen-Poiseuille equation

was applied to a flow that was fully turbulent, the predicted depth would be much lower than the
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observed depth. Conversely, if the Colebrook-White equation was applied to predict the depth in a
laminar flow, the predicted depth would be greater that the observed depth. The predicted depths
presented in Figure 100 all show a strong semblance to the measured depths, which proves that the

state of flow identification method presented here works well.

The work presented here demonstrates that an open channel flow resistance model based on the Darcy-
Weisbach / Colebrook-White / Haldenwang-Slatter equations presents some excellent advantages over
the other models tested here. Its ability to handle non-Newtonian fluids with its rheologically
descriptive Reynolds number is the main advantage, which suggests that the model would have uses in
predicting head losses for a much broader range of applications, such as sludge flow, processing of
food products or other viscous liquids in open channels. The other advantage of this model is its ability
to model granular boundaries, representing potential applications in the modelling of alluvial channels,

mudflows and hydraulic land reclamation operations.

The Manning-Strickler equation with the Lacey correlation also presented excellent depth predictions,
and it enjoyed the advantage of being relatively easy to apply. The basis upon which Lacey generated
his correlation is also of significant interest to this work, as it would appear that the definition of a
Lacey flow regime coincides with that of the equilibrium flows, which is of prime interest in this study.
However, the Lacey approach is not explicitly rheologically sensitive by way of its lack of any

viscosity or rheological input parameters, which is a disadvantage in the current context.

On this basis, the Darcy-Weisbach / Colebrook-White / Haldenwang-Slatter open channel flow
resistance model with a k; value of 2 x dyy has been adopted for estimating head losses for the

remainder of this work.

5.2.6 Selection of a minimum transport velocity equation

From numerous experimental studies into the transport of sediments in turbulent flows, there are many

equations presented in the literature that enable the prediction of the minimum mean velocity required
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to keep particles in suspension in a pipe, but not so many are presented for channel flows. This
particular velocity appears in the literature under several names, with the most common ones being

“minimum transport velocity”, “deposition velocity” and the “critical velocity”.

In order to test each of these minimum transport velocity equations an iterative method was adopted to
arrive at a channel depth that produces a channel velocity that is equal to the minimum transport
velocity as calculated by the respective minimum transport velocity equation from the literature. The
Darcy-Weisbach / Colebrook White / Haldenwang-Slatter flow resistance model was then used to

calculate the slope of the channel, which would effectively become the predicted equilibrium slope.

Some 18 minimum transport velocity models from the literature were tested in this work, but only
those that yielded reasonable predictions are presented here. All of the minimum transport velocity
models (except for one) have been formulated for application to pipe flow, so wherever this has been
the case, the geometric conversion equation (equation 81) has been applied to allow the equation to be
applied to open channel flow situations. The testing of these models is based on predicting the
equilibrium slope of the slurry flows observed in the field flume and the small laboratory flume, with
the experimental data used to evaluate the accuracy of each prediction. The open channel model is

presented first, followed by the adapted pipe flow models, which are presented in alphabetical order.

Dominguez et al. (1996)

The Dominguez et al. (1996) equation is the only minimum transport velocity equation found in the

literature that was specifically developed for open channel flows. It appears as:

8 R 1/2 d 0.158
Iom RH

where Ry is the hydraulic radius of an open channel flow, dgs is the diameter of the g5t percentile

particle, p; is the density of the particles and p,, is the density of the mixture. This equation was

Tailings beach slope prediction Tim Fitton




Chapter 5 — Development of new beach slope models

189

experimentally calibrated using slurries with concentrations ranging from 20% to 50% by weight, mean

particle diameters ranging from 30 to 400 micron, solids densities ranging from 2000 to 36,500 kg/m3

and flow rates ranging from 40 to 100 I/s. These data ranges are comparable to those used in the field

flume experiments, though the median particle diameters and flow rates used by Dominguez et al. are

about double those used in the field flume. The range of flow rates is well beyond those tested in the

small scale flume.
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Figure 101. Fit plot of the Dominguez et al. (1996) model
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Figure 102. Fit plot of the Dominguez et al. (1996) model, with the range of predicted slopes

reduced to improve the clarity of the field flume data in the ideal fit region
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Figures 101 and 102 show that the Dominguez et al. model predicted very poorly against the small
flume data, nor that it did not predict the slopes in the field flume very well. It was found that the
predictions against the field flume data improved when larger flow rates were considered. This trend

has been presented in Figure 103.
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Figure 103. Plot of flow rate against the absolute deviation between the slopes predicted with the
Dominguez model and the experimentally observed slopes.

Figure 103 indicates that the Dominguez et al. model predicted better against the larger flow rates
observed in the field flume than it did against the low flow rates, thereby suggesting that the

Dominguez et al. model would be effective for flow rates larger than 30 /s.

Durand 1953 with the Wilson and Judge (1976) correlation

The Durand (1953) equation with the Wilson and Judge (1976) correlation appears as follows (Gillies

et al. 2000):

V. =2.0+0.3log,,((d/D)C,)y2gD(s 1) (90)

where d is the diameter of the particle, D is the pipe diameter, Cp is the particle drag coefficient and s is

the ratio of the particle density to the fluid density.
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Two methods were employed in applying this equation. In the first the particle drag coefficient (Cp)

was calculated using the following form of the drag equation (Baker & Jacobs 1979):

C, =(4/3)dg(s-1)/V’ ©1)

where Vs is the settling velocity of a single particle in the carrier fluid. Vs was determined
experimentally (see sections 3.3.15 and 3.4.6), and found to be 0.028 m/s for a coarse Cobar slurry
particle, 0.04 m/s for a “fine” glass particle and 0.1 m/s for a “coarse” glass particle (the latter two used
in the small scale flume). For the tailings particle, the method used to select a slurry particle for the
settling test was based on diluting the slurry and pouring off the light fraction, leaving the coarser
particles behind. One of the coarse particles was then used in the settling tests. The particle diameter
was assumed to be equal to the measured dgs value of 51 pum (see section 3.3.12 for particle sizing).
For the glass particles, the ds, value was assumed to be the applicable particle size for each of the two
populations, yielding 335 pum for the “fine” particle and 1400 pum for the “coarse” particle. (see section
3.4.5 for particle sizing) These values were used in equation 91 to calculate drag coefficients of 1.5 for
the Cobar particle (which was adopted for both of the tailings slurries), 4.5 for the “fine” glass particle
and 3.0 for the “coarse” particle. The fit plot generated by the Durand-Wilson-Judge model is

presented below in Figures 104 and 105.
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Figure 104. Fit plot of the Durand (1953) equation with the Wilson and Judge (1976) correlation,
with a calculated particle drag coefficient
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Fit Plot - Durand (1953) with Wilson and Judge (1976) correlation - calculated Cp
20—,
o ® . = SD Non-segregating
18 4
¢ . o SD Segregating
[
% 16 1 ¥ - * A Cobar Non-segregating
g 14 4 ‘s A Cobar Segragating
é 12 4 . : e Small flume turbulent
v N .
g 10 + R . + Small flume laminar
@ ° ° N " — Ideal 1 to 1 Fit
_g- 81 ° ]
o ° * .
i N | [ ]
*3 6 . ° A. al .+= ] L]
g °iem m A
8 4 Boorema 4
o D@ N Y +
24 ° ° ° Y + +
L]
+
0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Experimentally measured equilibrium slope (%)

Figure 105. Fit plot of the Durand (1953) equation with the Wilson and Judge (1976) correlation,
with a calculated particle drag coefficient. Vertical axis reduced for clarity in the ideal fit region.

Figures 104 and 105 show that the Durand model with the Wilson and Judge correlation has over-
predicted most of the slopes observed in the two flumes. The predictions for the small flume data are
particularly poor. In the case of the field flume data, it is thought that the over-prediction is due to the
calculated value of the drag coefficient being too high, because it has been suggested that a value of
0.45 is more typical for a sediment particle such as those found in mineral slurries. (Ishii & Zuber
1979; Walton 1995). Due to the discrepancy between the calculated drag coefficient and those values
cited in the literature, it was decided to try the same Durand-Wilson-Judge model, except with an
assumed drag coefficient of 0.45 instead of the calculated one. The fit plot from this exercise is

presented below as Figures 106 and 107:
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Figure 106. Fit plot of the Durand (1953) equation with the Wilson and Judge (1976) correlation,

assuming a particle drag coefficient of 0.45
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Figure 107. Fit plot of the Durand (1953) equation with the Wilson and Judge (1976) correlation,
assuming a particle drag coefficient of 0.45. The vertical scale has been reduced for clarity in the
ideal fit region.

For the field flume data, Figures 106 and 107 with the assumed drag coefficient show better predictions
than Figures 104 and 105 with the calculated drag coefficient. This would suggest that the calculated
drag coefficient of 1.5 is too high. It is thought that the reason for this is the assumed diameter of the
particle used in the unhindered settling tests. If the assumed diameter of the selected particle had been
15 pum in diameter, the calculated drag coefficient would have been 0.45. This uncertainty suggests

that an accurate method of sizing the individual particle is required if an unhindered particle settling
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test is to be used to calculate a drag coefficient. For the small flume data, the predictions are still

uselessly large.

Oroskar & Turian (1980)

Oroskar & Turian (1980) developed a theoretical transport velocity equation that was based on a

turbulent energy dissipation approach. It appears as follows:

8/15

1/8
i D\ Dp,AJgd(s—1)
V. =4gd(s-1){5C,(1-C,)’ 1(3] d . / x 92)

where Cy is the volume fraction of solids, » is the hindered settling exponent (which is a function of the
particle Reynolds number), p; is the density of the carrier fluid, x is the fraction of eddies with a vertical
velocity component greater than the hindered settling velocity of the particles, and g is the viscosity of

the carrier fluid.

In Oroskar & Turian’s paper, a graph was presented for the determination of n, which was based on a

previously presented correlation of particle Reynold’s number against n.

The determination of the fraction x is based on the assumption that the distribution of eddie velocities is
similar to the distribution of molecular velocities that was derived by Kennard (1938) in his kinetic

theory of gases. On this basis, the following equation is presented for the determination of x:
22 2 f 2
xX=—=——=yexp(-4y°/m)+ j-exp(—4}/ [ 7)dy (93)
NN ,

where yis the ratio of the hindered settling velocity to the critical velocity of the slurry, which was said

to be “usually close to unity (>0.95)”.

For the testing of this model a value of 0.975 was assumed for y, and a value of 3.0 was determined for

n that was based on a calculated particle Reynolds number of 1.25.
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Figure 108. Fit plot of the Oroskar & Turian (1980) theoretical model

Figure 108 only presents the field flume data, against which the Oroskar & Turian theoretical model
predicted poorly. The small flume data was run through the model, but for more than 90% of the cases
tried, the model failed to predict depths that were less than the diameter of the pipe used in the

laboratory flume (50 mm), so values for the hydraulic radius were not calculable.

Oroskar & Turian also presented an empirically calibrated version of their model which was based on a
fit of the relevant parameters to a data set of some 357 points of experimental pipe data, with solids
concentrations ranging from 1 - 50% v/v, solids densities ranging from 1300 — 5245 kg/m’, fluid
densities ranging from 900 — 1350 kg/m’®, fluid viscosities ranging from 0.47 — 38 mPa.s and flow rates
ranging from 0.3 — 200 I/s. The field flume data is covered by most of these ranges except for the fluid
viscosity range, since the effective viscosities observed in the field flume were as high as 500 mPa.s for
the higher concentrations observed at Sunrise Dam. The data from the laboratory flume featured
effective concentrations below 1% v/v and flow rates ranging from 0.08 — 0.4 1/s, both of which are
outside Oroskar & Turian’s ranges. The apparent viscosities tested in the laboratory flume ranged from
1 mPa.s to about 50 mPa.s, which is largely covered by Oroskar & Turian’s range of calibrating data.
The fluid and solid densities used in both the field flume and the laboratory flume are within the limits

of Oroskar & Turian’s data.

The empirically calibrated Oroskar & Turian equation appears as follows:
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d -0.378 -
VC — gd(S _1)1.85CV0.1536 (I—CV )3564(5) NRCO.O‘)XOA}O

where Ny, is a modified Reynolds number which is given by:

_ DppJgd(s—1)

- I

NRe

The fit plot generated with this equation is presented below as Figure 109:

94)

(95)
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Figure 109. Fit plot of the Oroskar & Turian empirically calibrated equation

Figure 109 shows that the Oroskar & Turian empirically calibrated model is competent in predicting

the equilibrium slopes observed in both the field flume and the laboratory flume. It is of interest to

note that the very concentrated slurry flows tested at Sunrise Dam were predicted well, despite the

apparent viscosities of these flows being well outside the range of data used by Oroskar & Turian to

calibrate their model. It is also interesting to note the slope predictions for the laminar flow data

measured in the laboratory flume, which are generally more accurate than the turbulent data

predictions for the small flume data.

The theoretical basis of Oroskar & Turian’s model was in

modelling the turbulent eddies that kept particles suspended in a flow. However, in the laminar flows

no such eddies existed, and the particles were observed to slide along the flume bottom. This finding
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suggests that some of Oroskar & Turian’s calibrating data may have been taken from laminar flows.

Otherwise, their model appears to predict particle transport in laminar flows well by mere coincidence.

Thomas 1979 equation

The Thomas (1979) equation as presented in Gillies et al. (2000):

/
v | fw 1{@}” (96)
Cco 2 e
Yo,

where Vs is the deposition velocity for particles that are smaller in diameter than o, the thickness of

the viscous sublayer, which is calculated with the following equation:

. S 97

where p is the viscosity of the carrier fluid including the fine particles, and fy is the Fanning friction
factor, which is equal to one quarter of the Darcy friction factor. Since the particles in our slurries
were less than the determined value of ¢, it was decided that the viscosity would be calculated using

the following equation (Baker & Jacobs 1979):

B 4pR,V

98
Re,, ©8)

where Rey; is the Herschel-Bulkley Reynolds number, calculated using equation 87. The predictions

made with the Thomas model can be seen below:
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Figure 110. Fit plot of the Thomas (1979) model

Figure 110 shows that the Thomas model predicted the field flume data well, but not well for the

laminar small flume data. What is of particular interest in this plot is that the model has predicted the

segregating flows in the field flume very well. This suggests that the model would be good in

predicting flows for segregating slurries in the design of flumes.

Wasp et al. 1977

Wasp et al. (1977) presented a graph for the prediction of the minimum transport velocity, which is

presented below as Figure 111:
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Figure 111. Transport velocity graph presented by Wasp et al. (1977)
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An equation of best fit to the Wasp et al. graph yielded the following equation:

1/6 1/2
v, = 3'8CV1/4(%j {2gD(/;s _pl):| (99)
]

The experimental data presented in the Wasp et al. graph was all generated in pipes, covering the
following range of flow rates: 0.06 — 48 1/s; and concentration: 1 — 25% v/v. Fluids used were water,
diesel oil and kerosene, while the particles used were sand, coal and iron. It was noted by Wasp et al.

that approximately 20% of these flows were laminar. A fit plot of the Wasp et al. model is presented

below:
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Figure 112. Fit plot of the Wasp et al. (1977) model
From Figure 112 it is evident that the Wasp model has predicted the equilibrium slopes for the

experimental data from both flumes well. The fact that the model has been calibrated with laminar and

turbulent data explains why it predicts the laminar data from the small flume well.
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5.2.7 Evaluation of the minimum transport velocity models tested

Some 18 sediment transport models from the literature were tested, but only 6 of them were presented
here. The Walton (1995), Spells (1955), Dominguez (1996) model with Vega (1988) viscosity
modification, Zandi & Govatos (1967), Neill (1967), Zanke (1977) equations produced irrational
results in their presented forms. Further efforts were made to find other literature to check the accuracy
of the printed forms of these equations. Some of them were confirmed to be correctly presented by
other texts, which leads to the conclusion that these models are simply not applicable to the

characteristics of the slurries tested here.

Other models were more obviously not applicable to the characteristics found in the flume data. The
Neill (1967) equation was one example of this. It consistently appeared in the same form in several
texts, but since it was stated in one text (Raudkivi 1990) that the Neill equation applied only to “coarse

particles (gravel)”, it became apparent that it was simply not applicable to fine grained slurries.

The accuracy of the equilibrium slope predictions made by each of the 6 successfully applied models
from the literature was evaluated by calculating the mean absolute deviation between the
experimentally measured equilibrium slope and the predicted equilibrium slope for each group of data.
(some discussion of this statistic is presented in section 4.5) The accuracy figures are presented in

summary form in Table 10.

Model Sunrise Dam Cobar Nonseq.| Seg. Small flume overall ‘
Mor-seg. Seg. [Mon-seg. Seq. Owverall | Overall [Turbulent  Laminar
Durand-Wilson-Judge 1976 21 3.0 1.0 26 19 249 432 g.1 343
Durand-Wilsen-Judge 1976, assumed CO [IRe] 16 0.3 18 08 16 9.0 83 23.4
Dominguez 1996 1.5 0.9 1.1 01 1.4 09 24.0 9.8 15.0
COroskar and Turian 1330 theoretical model IR 21 1.2 21 1.0 21 T8, MAa, [
COroskar and Durian 1980 empirical model 0.8 0.2 0.4 0.3 0.7 0.8 1.0 1.0 09
Thomas 1979 16 0.2 0.4 07 1.4 03 23 R 4.0
Wasp 1977 0.8 0.7 0.3 0.5 07 07 1.0 1.3 1.0

Figures indicate the mean absolute deviation between experimental data and predictions (% slope)

Table 10. Summary of the fit of the successfully tested minimum transport velocity models

From Table 10 it can be seen that the Oroskar & Turian model gave the best overall fit to the flume
data with the lowest mean absolute deviation between the experimental and predicted slopes of 0.9 %
slope. The Wasp et al. model was just behind with a mean absolute deviation value of 1.0% slope. The
Thomas model was next with a mean error of 4.0% slope, but it is noted that this model predicted most

accurately against the segregating data observed in the field flume, with an average deviation of 0.3%
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slope. The remaining minimum transport velocity models presented in Table 10 received considerably

higher overall error figures because of their poor performance against the small flume data.

From this exercise, the Oroskar & Turian empirical model is recommended as the most suitable

minimum transport velocity equation for application to tailings flows for the following reasons:
e The theoretical approach that the formulation of the equation was based upon

e Its ability to perform well against the small flume data, which demonstrates a capacity to

handle a wide range of particle transport scenarios.
e  The number of experimental data points that it was calibrated on (357)
e The range of solids concentrations represented in the calibration data (1 - 50% v/v)
e  The range of solids densities represented in the calibration data (1300 — 5245 kg/m’)
e The range of fluid densities represented in the calibration data (900 — 1350 kg/m?)
e The range of fluid viscosities represented in the calibration data (0.47 — 38 mPa.s)

e The range of flow rates represented in the calibration data (0.3 — 200 1/s)

5.3 Homogeneous slurry flow models

In many texts there are two distinct categories for classifying slurry flows; heterogeneous flows, where
the solids concentration in the flow varies with depth; and homogeneous flows, where the concentration
profile is essentially uniform over the depth of flow. Other terms are often used in place of these, such
as settling flows and non-settling flows, but this can be misleading because all slurries settle at
sufficiently low velocities. In this section such approaches are tested against the field flume data,
because the tailings slurries tested during the Cobar experimental work showed consistently uniform
concentration profiles across their depths, with the exception of the lowest 10% of the depth, where the
measured concentration was higher. (see Figure 21 in section 3.3.10). In section 5.2 sediment transport
equations were considered, many of which are applied to heterogeneous flow modelling. In this
section, homogeneous flow models will be tested. It is noted that one such homogeneous model has

already been presented in section 5.1 under the Wilson 1991 flume design method.
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Wasp et al. 1977

Wasp et al. (1977) presented the following homogeneous pipe flow equation for flows with an effective

Reynolds number of 3000:
2
y, - 1300m), D (100)
Dp 45007

where 77 is the effective viscosity of the flow, D is the diameter of the pipe, 7is the shear stress and p is
the slurry density. The shear stress is calculated from the Bingham Plastic rheological fit parameters

for the slurry, using the following equation (Wasp et al. 1977):

8y
r=r1, +K[3j (101)

where 7, is the slurry yield stress, and K is the Bingham plastic viscosity. The ratio 8V/D gives the
shear rate in a pipe. For both of these equations, the pipe diameter D can be replaced with 4 Ry to

enable them to be applied to channel flow situations. On this basis, the following fit plot was

generated:
Fit Plot - Wasp (197 7Y homogeneous model

100

o L} m 50 Morksegregating

80 4 0 5D Segregating
= 701 & CobarMorrsegregating
E 60 + i
3 - ~ CobarSegregating
< 50
g — Ideal 110 1Fit
5 40 =
b
[+ SD .

0 1 2 3 4 & 6 7 8
E xperimentally measured equilibrium slope (% )

Figure 113. Fit plot of the Wasp et al. 1977 homogeneous model
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Faddick 1982

From the context of the pipeline transport of coal slurries, Faddick (1982) presented the following

equation, which was referred to as the Traynis equation some years later by Henderson (1988):

. :iw{ucy(ps —m} gD Cye(p, = Puy) (102)

P kCpV P

where i, is the hydraulic gradient of the slurry, i, is the hydraulic gradient of clear water, Cy is the
volumetric solids concentration, oy is the solids density, g is the carrier fluid density, oy, is the density
of the heavy medium produced by fines, D is the diameter of the pipe, k is a transport constant for
coarse coal (equal to 1.9), Cp is the drag coefficient for the coarse fraction of coal (with the coarse
fraction defined as particles of diameter >150um), ¥ is the mean slurry velocity, and Cyc is the coarse
solids volumetric concentration. From this same paper, Faddick presented the following equation for

predicting the deposition velocity:

de gDX3’(pC_phm) (103)
pckCDfD

where p, is the density of the coarse coal solids and fj is the Darcy friction factor. A fit plot was
generated using this equation, with the adoption of Faddick’s & constant in the absence of any other

information.
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Fit Plot - Faddicl (1982) homogeneous model
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Figure 114. Fit plot of the Faddick 1982 homogeneous slurry model.

5.3.1 Discussion of homogeneous slurry models

The analysis presented in this section has raised some interesting findings about the application of
homogeneous slurry models for predicting particle transport in tailings channels. On the basis of the
definition of homogeneous flows found in the literature, the experimental data would definitely fit the
description of homogeneous slurry, but on the basis of this analysis, the sediment transport models
tested in section 5.2 performed better. It should be noted that while many of the sediment transport
models have been calibrated on experimental data using fairly low concentrations of particles, some of
them have been calibrated on slurries with volumetric concentrations well into the range of the
experimental data gathered in the field flume. The Oroskar & Turian empirical model was calibrated
with experimental data with concentrations up to 50% by volume, which exceeds the highest
concentration tested in the field flume (45.2%). Since the field flume data showed that all of the slurry
flows in the flume were homogeneous in terms of concentration profile, it is expected that slurries of
50% volumetric concentration are homogeneous when flowing under turbulent conditions. This would
thereby suggest that the Oroskar & Turian empirical model would apply to homogeneous flows too.
The Wasp et al. graphical model and the Durand models were calibrated on data with concentrations of
25% by volume, but their good performance against high concentration flows in section 5.2 would also

suggest that they too may be of use in modelling homogeneous flows. This work therefore leads to the
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conclusion that the analysis of particle transport in homogeneous slurry flows is better achieved using a

sediment transport approach than with those homogeneous slurry approaches tested here.

5.4 Channel shape and prediction of beach slope

So far it has been shown that existing sediment transport, rtheology and open channel hydraulics theory
enables channel equilibrium slope and head loss predictions to be made for slurries flowing in a flume
that has a fixed channel cross-section of known dimensions. However, it is noted that these methods
can not yet be directly applied to predict beach slopes, because the shape of the channels found on a
tailings beach have not been considered thus far. If the model were to assume that the self formed
channel cross-section is the same as the flume cross-section, it would suffer from major problems if the
flow rate from a spigot were to be much larger than the capacity of the flume cross-section. It is also
not yet known how important the geometry of the channel shape is from the perspective of making an

accurate slope prediction.

Due to these issues, the following questions are posed:
1. What channel shape does the tailings actually adopt in nature?
2. How can the model be modified to allow for this?
3. How does this affect the predictive ability of the model?

4. How sensitive is the model to different channel shapes?

The cross-sectional shape of a channel that forms when hydraulically discharged tailings erodes the
underlying deposited material can be related to other similar processes that occur naturally, such as
river morphology, alluvial erosion processes, mud flows, lava flows and even in ice flows. A
considerable amount of research has been made into the nature of these flows, with significant attention
going towards the prediction of the channel shape formed. Parker (1979) presented an equation for
predicting the cross-sectional shape of a particular type of self-formed alluvial river with a gravel bed,
termed a “threshold canal”, which took the form of the trough of a sinusoidal wave. His defining

criterion for a threshold canal was one with bed material that was essentially at the threshold of being
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transported by the river water (Parker 1979). His equation was based on the vector addition of forces
acting on a gravel particle, but it was then demonstrated that there were some fundamental errors in the
defining tenets of this approach, resulting in a paradox where it is possible for a so-called threshold
channel to be stable with fluctuations in flow velocity, and likewise, for a so-called stable channel to be
susceptible to erosion. (ASCE Task Committee on Hydraulics 1998) Other workers have tried other
approaches to avoid this paradox, but it is concluded that the prediction of river bed shapes is still not

fully understood.

Recently Chryss et al. (2006) presented a shape prediction method for tailings channels that was based
on equating the forces at work at the channel boundary. The shape presented had a curved base and
vertical sides, due to the mathematical collapse of the model in the region of the channel banks, forcing
the adoption of straight vertical surfaces to enable its application. The resultant shape is unrealistic
when compared to the self formed channel shapes that occur in nature. Furthermore, for this model to
be applied, the concentrations of the slurry and the underlying bed material are required as input
parameters. Since the bed concentration is not known, it is not possible to apply the Chryss et al.
model in this work without making some further study into the bed density of settled tailings. To
complicate this, it is noted that the bed concentration will be constantly increasing as a result of the
slow settlement of the underlying tailings during the time that follows the channel formation. In
theory, this will cause the shape of the channel to gradually change over time to reflect this change in
bed density. Further research is needed in this area if channel shape in a tailings beach is to be better

understood.

The experimental measurement of self formed channel shapes found on tailings beaches revealed that
the cross-sectional shape of such channels was highly irregular and quite random. Even when only one
channel was considered, the cross-sectional shape varied considerably from one point to another only a

meter or so downstream. Some of these measured cross-sectional shapes are presented in Figure 115.

It is felt that a more progressive approach at this point might allow this matter to be addressed in
another way: Rather than trying to predict a shape that appears to be quite random in nature, an

analytical investigation of the effect that various shapes have on the predicted slope will be undertaken.
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Several simple geometric shapes will be tested with a width to depth ratio based on the actual shapes
measured on naturally formed channels in tailings. This will enable a quantitative comparison between
the various shapes to ascertain what effect each one has on the predicted slope. Figure 115 shows three
natural channel shapes superimposed over four simple geometric shapes; those being 2 parabolas, a
rectangle and a circular arc. Of the four artificial shapes, the circular arc section is based on the actual

dimensions of the flume used during the Cobar experiments.
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Figure 115. Four artificial channel shapes superimposed over 3 self-formed channel shapes that
were measured in one channel. In all cases, the flow rate, Q, is approximately equal to 11 I/s.

Each of these four shapes (as well as two others listed in Table 11) were tested with the Oroskar and
Turian model. In each case, the geometry of the simple shape was used to calculate the cross sectional
area and wetted perimeter as a function of the depth in the same way as was done for the circular cross
section. Equilibrium slope predictions were made using the same flow rates and slurry characteristics
that were recorded in the 145 flow regimes from the field flume and small flume data sets, so that the
predicted slopes could be compared to those measured experimentally in the flume. The results of
these tests are presented in Table 11, with the sum of the absolute deviations between the measured and

predicted points once more being adopted as the criteria used to quantify the quality of the fit.
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Channel shape Sunrise Dam Cobar Nonseg.| Seg. Small flume overall ‘
Mon-seg.  Seg.  |Mon-seg.  Seq. Owerall | Overall |Turbulent  Laminar
Circular channel as used in flume 0s 0 0.4 03 0.7 08 1.0 1.0 0.8
Parabolic cross-section, W = 4d 0.8 0.8 0.4 0.1 07 0.8 1.0 1.2 1.0
Parabolic cross-section, W= 554 0a 09 0.4 0.1 07 0.8 1.1 16 1.1
Parabolic cross-section, W =7d 07 0e 0.4 0.z 07 09 1.2 2.1 1.3
Rectangular cross-section, W= 4d 0.8 0.9 0.4 0.1 0.7 0.8 1.1 1.4 1.1
Rectangular cross-section, W = 7d 07 0.8 0.4 02 0.7 0.9 1.2 241 1.3

Figures indicate the mean absolute deviation between experimental data and predictions (% slope)

Table 11. Statistical comparison of the effect of channel shape on the predicted equilibrium slope

Table 11 provides some interesting findings:

e For both sets of flume data, the cross-sectional shape had a minor effect on the prediction,
which suggests that the model is robust with regards to channel shape. The small flume data
experienced a greater amount of prediction error when wider channel shapes were tested. This
was due to the cross-sectional shape in the small flume being closer to a semi-circle, with a
significantly narrower aspect ratio than 7 to 1. The fluid depths were typically around 15 to 20
mm above the pipe invert, but the pipe diameter was only 50 mm by comparison. For both
sets of flume data it was found that the aspect ratio had a greater impact than the change in

geometric shape.

e Predictions tended to deviate from the field flume data more at flatter slopes. This makes
sense on the basis that most of the flat equilibrium slopes were observed at high flow rates in
the field flume, where the circular cross section of the flume forced the flow to be

unrealistically narrow compared to real channel shapes.

From this exercise, an important step has been taken to enable the model to be applied to the prediction
of tailings beach slopes rather than just equilibrium slopes in channels, with the experimental data
providing strong support for the validity of this approach. It is interesting to note that the findings of
this analytical exercise reflect the experimental findings of Haldenwang et al. (2004) after these
workers conducted open channel laminar flow experiments with non-Newtonian fluids in channels of
triangular, rectangular and circular cross-sections. They also concluded that the channel shape had a

negligible effect on the head loss, since it was only the hydraulic radius that was of relevance.
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The findings of this work indicate that the aspect ratio is more important than the channel shape. For
modelling the channels that form on tailings beach slopes, it is recommended that the best shape
approximation to be applied is a parabola with a width 5.5 times the depth, because this aspect ratio is

similar to those of the measured self-formed channels (presented in Figure 115).

5.5 The new a-priori beach slope prediction model

This chapter has provided some very useful findings to enable the construction of an a priori beach
slope prediction model. On the basis of these findings, it is decided that the best model will result from

the adoption of the following equations and shape geometry:

e The Darcy-Weisbach / Colebrook White / Haldenwang Slatter open channel flow resistance

model with a &, value of 2 x dy,
e The Oroskar and Turian empirically calibrated minimum transport velocity equation

e A cross-section shaped as a parabola with a width 5.5 times the depth

5.5.1 Required input parameters

To make a slope prediction with the new a priori model the following input data must be defined:
e O, the flow rate (m’/s)
e (y, the concentration of the tailings slurry in terms of volume (fraction)
e ds, the median particle diameter of the tailings slurry (m)
e dyy, the 90th percentile particle diameter of the tailings slurry (m)
e p,, the density of the carrier fluid of the tailings slurry (kg/m")
e p, the density of the solid particles in the tailings slurry (kg/m®)

e 17, Kand n (Rheological parameters for a Herschel-Bulkley model fit for the slurry)
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5.5.2 Prediction sequence

The following method is recommended for the application of this new beach slope model within a

spreadsheet program, with the following steps taken to make each prediction:

1.

Guess an initial value of the depth

Calculate the cross sectional area of flow, 4, and the wetted perimeter, P, as a function of the

geometry of the channel cross-section
Calculate Ry, the ratio of A/P
Calculate V, the mean velocity in the channel (equal to O/4)

Calculate V¢, the minimum transport velocity, using the Oroskar & Turian empirical equation

(equation 94):

-0.378 0.09
Dp,[gd(s—1
Ve = gd(s—1)1.85CVO'1536(1—CV)'3564[—4Z j £ gﬂ Sinb) RN
H

Repeat steps 1 to 5, adjusting the depth value (in step 1) until 7 and V¢ in steps 4 and 5

equate.

Calculate Reyp using the Haldenwang Slatter Reynolds number equation (equation 87):

8pV?
T, + K{W}
RH

Calculate fp using the Colebrook White equation, using Rey for the Re term (equation 85):

Re,,; =

1 k251
2 14.8R, Rey[f,

Calculate S using the Darcy-Weisbach equation (equation 83):

2
SO — fDV
8gR,,

At this point, the slope predicted in step 9 will be the equilibrium slope.
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5.5.3 Validation of the a priori model

The new a priori model will now be tested against the ATC data, the stack data and the alluvial fan
experimental data in the same manner as the other beach slope prediction models were in Chapter 4.

The fit plot follows as Figure 116:

Fit Plot - New a priori beach slope model
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Figure 116. Fit plot of the new a priori model

Figure 116 shows that the a priori model is not predicting so well against the ATC data, with the
predicted slopes generally about 1 to 3% steeper than those observed. The model predicted well

against the stack data and the alluvial fan data.

The prediction quality statistics are presented in Table 12 in section 5.7 with those of the better

performing beach slope models from the literature and the other new models.

5.6 A new semi-empirical beach slope model

The two new models introduced in sections 5.1 and 5.5 both offer significant benefits relative to one
another, and each has a clear purpose; the simple empirical model enables quick easy predictions, and

the a priori model offers proven reliability on the basis of the previously presented and tested work that
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it was based upon. In this section a new semi-empirical beach slope model is presented with the sole

objective of achieving the best possible predictive accuracy against beach slope data.

Due to the vastly different behaviour of the segregating slurries to the non-segregating slurries in the
field flume (see Figure 15 in section 3.3.7), it was seen that a semi-empirical model that treats each of
these two categories separately could provide more accurate beach slope predictions. The sediment
transport aspect of the priori model described in section 5.2 presents an opportunity for the creation of a
new semi-empirical beach slope model that is based on the same sediment transport approach as the a
priori model, but featuring two new empirical minimum transport velocity equations; one created by
fitting a curve to the non-segregating slurry data that was gathered at Cobar and Sunrise Dam; and the

other by fitting a curve to the segregating data.

5.6.1 An empirical minimum transport velocity equation for the
non-segregating data

After plotting various experimentally measured parameters against the observed mean velocity in the
flume, it was found that the Bingham Reynolds number exhibited the strongest correlation with the
slopes observed for the non-segregating data. The equation for the Bingham Reynolds number is

presented below:

_PVR,

Bingham — K
BP

Re (104)

A plot of this trend is presented below in Figure 117:
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Bingham Reynolds number vs Mean Velocity - non-segregating slurries
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Figure 117. Plot of Bingham Reynolds number against the mean velocity for the non-segregating
data in the field flume

The equation for the fitted curve in Figure 117 is as follows:

%

CNon—segregating

=0.145 ln(&j (105)

BP

This equation forms the non-segregating slurry modelling aspect of the new semi-empirical model.

5.6.2 An empirical minimum transport velocity equation for the
segregating data

The mean velocity of the segregating data did not exhibit any strong correlation with any of the
individual parameters tested. There were generally too few points, with little difference between them
(relative to the parameters tested), so all of the plots showed the data bunched up in a small cloud with
no obvious elongation in any direction to suggest a trend. Due to this small number of data points
available, it was decided to use one of the minimum transport velocity equations from the literature for
handling segregating slurries in the new model. Upon reviewing the findings of section 5.2.6, the
Thomas model provided excellent predictions against the field flume segregating slurries, but it

performed poorly against the small flume data. Since the predictive performance displayed by the
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Wasp model (equations 99) against both the segregating slurries and the small flume data in section
5.2.6 was better than any of the other models, it was decided that this model would be adopted to serve
in predicting the minimum transport velocities for segregating slurries in the new semi-empirical

model.

A fit plot generated by applying the new semi-empirical model to the flume data appears below in

Figure 118:
Fit Plot - semi-empirical model
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Figure 118. Fit plot of the semi-empirical model against the field flume data

Figure 118 shows that the new semi-empirical model offers good predictive performance against the
field flume data, which is expected in the case of the non-segregating data that was used to calibrate the

non-segregating aspect of the model.

5.6.3 Validation of the semi-empirical model

The new semi-empirical model was applied to the 5 sets of validating data, but in doing this, it was
necessary to define each slurry as being either segregating or non-segregating. For the field flume data
this was already established, and since the stack data was from the same two mines, the segregation
status of this data was also known already. However, for the other 3 sets of data, the following

assumptions were made: The slurries in the ATC data set were all assumed to be non-segregating. The
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slurries in the other two data sets (the small flume data and the alluvial fan experimental data) were
assumed to be segregating. It was felt that that these assumptions were reasonable for the latter two
data sets because of their very low concentrations. The fit plot generated from this model with these

assumptions appears below as Figure 119:

Fit Plot - New semi-empirical beach slope model
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Figure 119. Fit plot of the new semi-empirical beach slope model

Figure 119 shows that the new semi-empirical beach slope model predicts well against all five data
sets. The model does under-predict for most of the alluvial fan data, but the data points in this set do

show good alignment with the ideal fit line.

5.6.4 Discussion of the semi-empirical model

The semi-empirical model offers a more accurate method of beach slope prediction than any of the
other models tested in this work, as will be demonstrated in section 5.7 when the performance of the

new models is evaluated and compared to the best models from the literature.

One of the obvious limitations of this semi-empirical model is the requirement for the segregation
status of a slurry to be known before the correct equation can be applied. This does not mean that the

segregation threshold of the slurry needs to be determined, but it is necessary to classify the slurry as
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either segregating or non-segregating. However, the Wasp et al. minimum transport velocity model
that forms the segregating slurry part of the model offers some relief in the event that the segregation
status of the slurry is not known, since it performs reasonably well over the entire range of data (see
Table 11 for statistics). Therefore, if the segregation status of a slurry is not known, the segregating
model can be applied as a default. It was for this reason that the Wasp et al. minimum transport
velocity model was selected for the segregating slurry component of this model instead of the Thomas

model.

5.7 Evaluation of the accuracy of the new models

For quantitative comparison of the 3 new models with the other tested beach shape models, a table of
descriptive statistics is presented below. Only the better performing beach slope models from the
literature are included in the table. The figures represent the mean absolute deviation between the
measured slopes and the predicted slopes for each data group, so low values indicate good predictions.

A discussion of this descriptive statistic is presented in section 4.5.

Model ‘ Field | Stack ‘ ATC ‘hlluvial fan| Small ‘
flume data data data flume

Melent’ev et al. 1973 0g 0.9 1.8 32 1.5
Robinsky 1978 1.2 1.4 1.3 4.4 1.4
Wates et al. 1987 1.2 1.4 09 3.3 2.4
Fitton et al. 2006 0.7 0.7 0.7 28 8.5
Chryss et al. 2006 1.9 2.2 09 - -
Simple empirical model 06 .7 06 02 24

a priori model 07 0.se 2.1 0e 1.0
Semi-empirical model 06 0.5 07 1.1 1.4

Figures indicate the mean absolute deviation between experimental data and predictions (% slope)

Table 12. Statistical comparison of the predictions of the new models with those of the better
performing models tested in Chapter 4.

The results from Table 12 are presented graphically below in Figure 120:
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Beach slope models - comparison of predictive accuracy
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Figure 120. Bar graph comparing the predictive accuracy of the 3 new beach slope models with
the 5 best performing models from the literature against each of the S validating data sets.

Figure 120 shows that the 3 new models offer specific advantages against one another, and also over
the other models tested in the literature. For the prediction of beach slopes, the most relevant data sets
to consider are the ATC data set and the Stack data set. Figure 120 shows that the new semi-empirical
model, the new simple empirical model and the Fitton et al. model offer the best performance against
these two beach slope data sets. The new simple empirical model offers better performance against the
ATC data than any of the other models, but its poor performance against the small flume data and the
alluvial fan data suggests that the simple empirical model will be limited in its predictive ability against
slurries of lower concentrations or significantly different rheological characteristics. The new a priori
model fared poorly against the ATC data, but predicted more accurately than any of the other models

against the small flume data and the alluvial fan data.

This chapter is concluded by recommending the new semi-empirical model as the best beach slope

model available amongst those presented here for the prediction of tailings beach slopes.
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Chapter 6: Three dimensional beach shape modelling

The focus of this work so far has been the modelling of beach slopes, with some discussion of two-
dimensional beach profiles as well. In this chapter, the overall three-dimensional shape of the
deposited tailings within the perimeter confines of the tailings storage facility will be considered.
Predicting the overall shape of the deposited tailings as it develops over time is the ultimate objective
that drives the modelling of tailings beach slopes and profiles, so that the containment structures,
discharge spigots, surface drainage systems and other related infrastructure can be progressively raised
to safely and efficiently contain future tailings. In a tailings stack for example, if the tailings should
deposit at the outer reaches, a raise of the perimeter bund may be necessary in time. In an extreme case
where the tailings is beaching at much flatter slopes than originally thought, it may be necessary to
construct a completely new bund at a larger radius, thereby abandoning the original bunds and
perimeter drainage system to be buried in new tailings. Alternatively, if the stack is building up steeper
than previously planned, it will be necessary to raise the discharge spigots first. If access to the spigots
is to be maintained, this could include a raise of the access causeway too, and if it is preferred that the
tailings pipeline remains above the deposited tailings, then it too will require raising. These activities
all require the allocation of resources that can impact on the cash flow and operation of the mine, so it

is of significant value to be able to predict such outcomes and plan for them.

A couple of approaches for modelling the three-dimensional shape of tailings beaches have been

presented in the literature, whilst other models have been commercially marketed as software packages.

Robinsky presented a linear beach shape concept in his landmark paper of 1975. Consistent with his
claim that thickened tailings would beach with a linear slope, he presented a three-dimensional drawing
of a conical shaped tailings stack with a linear beach profile. Figure 121 shows the three-dimensional

drawing that Robinsky presented of a tailings stack. The linear profile of his forecast is fairly evident.
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Figure 121. Robinsky’s drawing of a tailings stack with a linear beach profile (Robinsky 1975)

It is well documented that tailings beaches always exhibit concavity (Blight et al. 1985, Melent’ev et al.
1973), with the degree of concavity varying from one beach to the next. The prediction of the
curvature of tailings beach profiles has been the subject of a number of studies, some of which have
been discussed in section 2.1.6. An example of a three-dimensional concave beach shape was
presented recently by Williams et al. (2006) as a forecast of a large down-valley discharge thickened
tailings storage facility in Iran. The three-dimensional contour plan of the facility is presented below in
Figure 122. It can be seen that the contour interval of the predicted beach shape is larger at the lower
reaches of the deposit and smaller nearer to the discharge spigots, clearly indicating concavity of the

beach profile.
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Figure 122. Forecast beach shape of a down-valley discharge scheme, with surface contours
indicating profile concavity (Williams et al. 2006). The slurry is discharged from a single point at
the right side of the drawing and flows down the valley. Note the embankments at the bottom of
the valley (left side of the drawing), which are retaining the tailings.

Figure 122 shows that a two dimensional profile model has been used to generate the three-dimensional
shape of the predicted tailings beach. A similar approach has been observed in software packages that
specifically perform three-dimensional tailings shape modelling, in which the 2-dimensional beach
profile is used to generate a three dimensional beach. (Rift TD, 2006; Mine Solutions, 2006) The first
of these two software packages employed the Melent’ev et al. “Master Profile” model in defining the
concavity of the beach profile (this equation has been previously discussed in section 2.1.6 and

presented as equation 23). The other fitted a mathematical equation to survey data of an actual beach

profile to define the concavity.

All of the three-dimensional shape prediction models discussed here assume a particular beach profile

in order to generate a three-dimensional beach shape. This characteristic compromises the accuracy of

the predicted shape if the discharge should change. A change in the discharge rate or the slurry
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concentration or rheology would cause a change in beach slope, which should cause a change in the
deposition location of the altered tailings. This effect is not considered in these models. Such a
simplification will not allow variation in concavity that will occur if the discharge fluctuates heavily

one week and hardly the next.

6.1 A new three dimensional tailings beach shape model

A new model for predicting the shape of a 3 dimensional tailings stack formed by the sub-aerial

discharge of a non-segregating tailings slurry is presented here.

The beach shape model presented here requires a slope prediction model to be used to generate the
input data to construct an overall shape. The Fitton et al. (2006) beach slope model has been used here
for this purpose (because the three new models presented in Chapter 5 had not been created at the time
that this shape model was created), but alternatively, any other tailings beach slope model could be

used instead.

6.2 Modelling the growth of a linear beach:

In modelling the formation of a 3 dimensional tailings beach it is logical to begin by looking at the
geometrically simplest scenario first, which would be that of a straight beach, typically like that seen in
an impoundment with one or more straight sides. We will consider a straight beach of infinite length
with discharge spigots spaced every x meters. Initially it is assumed that x is sufficiently small to allow
the assumption that there is no transverse curvature of the beach. This effectively reduces the problem

to a 2 dimensional one for developing the model.
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Figure 123. Cross-section of a simplified tailings build-up scenario, in which tailings are
discharged from the spigot running through the wall to form a beach on the flat surface below.
For meaning of numbers see text.

To simplify the approach further the underlying beach will be neglected for the moment, but instead it
will be assumed that the discharge spigots protrude through a vertical wall a meter above a flat surface.
The following sequence of events is illustrated in Figure 123: When a steady stream of homogeneous
non-segregating slurry starts flowing out of the spigot, it will initially form a large blob beneath the
spigot [1], growing in size [2]. This enlargement of the initial blob will be referred to as “sheet flow”
from now on. After some time the viscous nature of the tailings presents significant resistance to
further sheet flow occurring, and suddenly the newly arriving tailings slurry forms its own channel that
rides on top of the deposited sheet flow [3]. At this point the force needed to form the channel is less
than the force required to spread the extents of the deposited sheet flow further. This channel runs
away from the wall until it gets near to the distant edge of the deposited sheet flow [4], where it
suddenly reverts to sheet flow once again because of the reduction in resistance to sheet flow at this
location. No particles are depositing in the channel, so eventually the fresh outer deposit will build up
to a height that presents a significant resistance to the channel [5]. When this occurs, the channel will
stop flowing at its outer reaches, and the slurry will instead overflow the banks of the channel at some
point upstream to deposit particles higher up the beach [6]. This point could be anywhere along the
path of the channel, even at the beginning near the wall. This process will endlessly repeat itself while
the steady homogeneous discharge continues, causing the beach to grow in all areas at the slope

dictated by the channel. [7]

A series of time lapse photographs of slurry deposition provides some illustration of the amount of time

that passes during the first 4 stages of this tailings deposition process. (Pirouz et al. 2005) These
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photos were taken on an actual tailings beach with a length of about 500 meters, and they showed a self
formed channel riding over a sheet flow deposit approximately 5 minutes after it had arrived. It was
evident that the channel advanced in length by some 40 — 50 meters during a 9 minute period. It is
believed that the advance of the channel is made possible by two factors: 1). the freshly deposited sheet

flow material has completely stopped, and 2). it presents sufficient depth for the channel to form.

It has been shown that the slope of the beach is dictated by the discharge parameters. (Fitton et al.
2006) We can now consider the dimensions of the beach by calculating the volume of tailings that has

been discharged with the simple relationship:

V=0t (106)

where ¥ is the volume discharged from each spigot (m®), O is the flow rate from each spigot (m’/s) and
t is the time (s). Over time, a greater part of the overall beach shape will be linear. For our modelling
purposes we will assume that the beach length is sufficiently large for it to be considered linear. From
this we can state that the horizontal length of the beach (from the spigot to the toe) can be calculated

with the following geometric equation:

[=,]— (107)
X

where / is the length of the beach in meters and i is the channel equilibrium slope as a decimal (equal to
the vertical rise divided by the horizontal run). The height at the top of the beach, %, can then be

calculated with the following expression:

h=1i (108)

If we now consider the above scenario with an underlying beach instead of the assumed flat surface, it
can be seen that the physical process would essentially be the same but with less material forming the

initial blob. On this basis, the vertical wall in Figure 123 becomes irrelevant, since it only serves to
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provide lateral support to the initial build-up of slurry. Assuming that the entire surface of the
underlying beach is buried in the freshly deposited tailings, the equation for calculating the length of

the beach would become:
X

where P is the volume contained within the previously deposited beach that can be attributed to the
spigot of interest. So far, the concavity of the beach is being ignored, but this will be addressed as the

model is further developed.

6.3 Modelling a 3-dimensional conical stack

Once again the modelling begins with a simplified scenario: consider the constant discharge (Q) of a
slurry from a small distance above flat ground over a finite period of time (f). This will initially form a
sheet flow that will grow radially in all directions until suddenly the resistance to further growth will be
greater than the force required for the incoming slurry to form a channel that runs across the top of the
blob in some random direction, and the slurry will then be transported to the outer reaches of the blob
via this channel. Over time this channel will adopt numerous paths and directions as the compounding
deposits periodically present obstruction to the course of the channel. Ultimately this process will form

a cone with height 4 and radius ». Such a scenario is depicted in Figure 124.
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Single point of slurry discharge

i

Figure 124. Simplified formation of a conical stack

Using equation 106 we can calculate the volume of tailings that has been discharged to the stack. Then

in combining the following geometric equation relating the height, radius and slope of the cone:
h=ri (110)
with the equation for calculating the volume of a cone:
1>
V==nrh (111)
3
we can determine the radius of the cone by using the following equation:
r=3— (112)

This is the simplest scenario for this model. Effort will now be devoted to considering changes in the
slurry discharge, and how the shape of the deposit formed is affected by this compounding of

successively varied slurry discharges.
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6.4 The truncated cone model

The compound model must calculate a cone shape that has slopes corresponding to the respective
discharge parameters of each flow regime, with each flow regime having its own discrete duration (), a
constant flow rate (Q) and constant rheological characteristics. If either the flow rate or the rheology of
the slurry should change, this signifies the end of one flow regime and the beginning of the next. If we
consider what would happen in the simplified stack scenario shown in Figure 124 if we were to change
the flow parameters or rheology to produce a steeper channel equilibrium slope, we would find that the
fresh tailings would deposit at the top of the cone to form a steeper conical ‘cap’ on top. Alternatively,
if we changed the slurry to one with a flatter channel equilibrium slope, we would expect the slurry to
form a channel that runs all the way down the side of the underlying cone to the toe, and then start

depositing around the lower part of the stack. These two outcomes are illustrated in Figure 125.

Figure 125. Cross-section of a conical tailings stack subjected to two fresh deposits of tailings; ‘A’
came from a slurry with a flatter channel equilibrium slope than that of the underlying beach,
conversely ‘B’ came from a slurry with steeper equilibrium slope than the slope of the underlying
beach.

The more complex shapes of these recent deposits can still be calculated using the same conical
geometry approach as that above, but with the added complication of taking the underlying stack
geometry into account. Consider the same stack some time later, after four more flow regimes have left

deposits:
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Figure 126. Cross-section of a 7 stage compound stack.

If we consider deposit C in Figure 126, it can be seen that it arrived after deposits A, B and M. We
therefore need to take the overlapping portions of deposits A, B and M out of the envelope of the

projected cone of deposit C. These overlapping portions are shown below:

Figure 127. The shaded area represents the relevant portions of previously deposited tailings that
fall within the projected cone of deposit C in Figure 126.

We can consider the shaded area of Figure 127 as a stack of 4 concentric truncated cones topped with a

simple cone. The equation for calculating the volume of a truncated cone is:

V:%HH(R2+Rr+r2) (113)

where R is the upper radius of the frustum, r is the base radius and H is the height. The equation for the

volume of a plain circular cone has been presented earlier (equation 111).

The actual volume of deposited tailings for each flow regime is calculated by the Q.¢ relationship

(equation 106). We use this discharged volume to determine the size of the new deposit by subtracting
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the volume of underlying tailings from the volume contained within the projected cone of each deposit.

The challenge is to be able to define 4, H, R and r as the stack gets more complex with the
compounding of different flow regimes. As the stack grows with more regimes of tailings discharge, it
is likely that the determination of the shape of each deposit will get even more complex, but as can be
seen in Figure 126, the new deposits eventually build up so much that some of the previous deposits no

longer have any contact with another new deposit, so they no longer need to be considered.

To efficiently tackle this challenge, a computer aided iterative approach was used to determine the size
of the projected cone of each deposit, firstly by nominating an arbitrary value for the height of the
projected cone and then calculating the resulting volumes of the projected cone and the underlying
tailings, and comparing the difference between the two to the discharged volume. This process would
then be iterated with the nomination of other heights for the projected cone until the trapped volume
was calculated to be equal to the discharged volume of tailings, at which point the correctly sized

projected cone had been found. This process is presented in Figure 128 as a flow chart:

calculate the volurme of
the previously
deposited tailings that

Subtract the volume of
the previously deposited
material from the volume

The projected cone
is sized correctly. It
is now included as
part of the stack.

falls inside the ::> contained in the

projected cone of the projected cone. [W3]
new deposit [V2] {equal to V1 - %2)

i 1\

Process beging

Guess an = again for the next
initial height calculate the discharged tailings discharge
for the Calculate the volume of tailings volume for the new regime

) the projected cone of deposit, % = QLt V4]
projected .

the new deposit [W1]

cane of the
nen deposit G ﬂ ﬁ

Guess a new height s (¥4 equal to V317 ﬁ
for the projected cone <: <—r—_j [v4] eq [v3]7 :> -

of the new deposit

Figure 128. Flow chart for the truncated cone model
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6.4.1 Testing of the truncated cone model against real stacks:

The truncated cone model was tested against two real tailings stacks: the 2000 meter diameter circular
stack at the Sunrise Dam Gold Mine in Western Australia (Figure 129) and the 1000 meter long stack
at the Peak Gold Mine in New South Wales, Australia (Figure 3). Aerial survey data was made
available for analysis, as well as tailings discharge figures for the same timeframe. This information

can be found in Appendices D and E.

Figure 129. Aerial photograph the Sunrise Dam tailings stack, taken from Google Earth ©.

The testing of the model involved simulating the growth of these two stacks over the timeframe
covered by the two respective sets of supplied survey data, which amounted to about 2 years of growth
at the Peak stack and 3 years of growth at the Sunrise Dam stack. The simulated beach shapes were
built on top of the underlying stacks as described in the initial aerial surveys, and then compared to the

actual measured beach shapes that were surveyed at the end of each term.

The simulation of the Peak stack was limited due to a lack of detailed discharge data, with having
access only to averaged discharge history over intervals of 6 to 12 months. While this enabled the
model to be applied with relative ease, it oversimplified the tailings discharge by forcing the

assumption that the discharge parameters were constant over these very long periods. In the case of the
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Sunrise Dam stack, daily averaged discharge data was made available for each day of the 3 year period.
Other limitations of the simulation were the assumptions both stacks having flat underlying terrain, and
both stacks being circular in plan view. In the case of the Sunrise Dam stack, neither of these
limitations imposed a significant deviation from the actual situation, but for the Peak stack this did
make a considerable simplification from the complex geometry and terrain found there (see Appendix

D for a layout plan).

Peak stack
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Figure 130. Comparisons between cross-section plots of simulated and actual tailings stacks for
Peak (top) and Sunrise Dam (bottom). The Sunrise Dam simulation has been run 3 times to show
the effect of data averaging with respect to time.

The above plots of Figure 130 present some interesting insight into the practical limitations of the
simulation process employed here. In the case of the Peak stack, the simulated stack turned out to be a
simple cone with only one beach slope apparent on the surface. This occurred because the final stage
of simulated discharge lasted with constant discharge parameters for about 6 months, completely
covering the previously deposited material with a thick layer of tailings that beached all over at one
constant slope. If more detailed discharge data had been available (featuring smaller discharge

intervals with some variation in flow rate and rheology), this may have resulted in more concavity in
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the simulated stack, producing a result more closely resembling the measured beach. This effect has
been demonstrated with the three simulations run for the Sunrise Dam stack. Daily averaged data was
supplied, and was used in the first simulation. In the next simulation this data was grouped into month
long blocks, with the flow rate and concentration averaged over each of the months. Finally in the third
simulation of the Sunrise Dam stack, the data was further summarised on a yearly basis. It can be seen
that the monthly and yearly data produced almost identical simulated beach profiles, which both

resembled the Peak stack simulation in their lack of concavity.

This result raises some question over the original daily averaged data. As can be seen here, any form of
averaging reduces the amount of concavity in the simulated beach, because any short-lived flow
regimes with extremely high or low flow rates or concentrations that would cause steep deposits at the
crown of the stack or flat deposits at the toe have been blended with other data. It is therefore noted
that daily averaged data may be much better than monthly or yearly averaged data, but it still leaves

significant doubt over the accuracy of the predicted beach shape.

It should also be noted that in the case of the Peak stack simulation, it appears that the supplied
discharge figures were short in terms of the total volume of slurry discharged, because of the simulated
beach showing a cross-sectional profile beneath that of the measured beach surface at the end of the

term.

6.4.2 Frequently varying discharge parameters and large stacks

So far the model has considered a stack to grow as a series of concentric cones. This has been shown
to be a manageable approach, and indeed it would be quite accurate if the discharge parameters (flow
rate and rheology) remained constant for long periods like a month or more. However, tailings
discharge typically varies on a daily (or even hourly) basis, due to reasons such as changing ore type
from the mining face, breakdowns in the processing plant, wet weather causing dilution of the slurry
etc. The result of this varying discharge on the proposed model is that the individual deposits become
extremely thin if the same rationale is to be applied. Consider deposit A in Figure 126. In 3

dimensions it would resemble the shape drawn in Figure 131 (below):
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Figure 131. A 3-dimensional representation of the outermost deposit from Figure 126.

If this deposit had been created on the basis of 30 minutes of uniform discharge instead of 60 days, the

assumptions of the model would cause it to look more like the shape in Figure 132 (below):

Figure 132. A 3-dimensional representation of a widely dispersed deposit.

In reality the tailings does not spread itself so thinly like this. Instead, the self-formed channel of

tailings slurry will deposit in one area of the stack in a local deposit as shown in Figure 133:

Figure 133. A small deposit formed by a channel meandering to the outer reaches of a large
stack.

If the steady discharge were to continue for another month or two, the self formed channel of tailings

would meander along different routes radiating from the centre of the stack, and the deposit would
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continue to grow around the base of the stack, eventually to form a shape that more closely resembles

Figure 131 in an ideal scenario.

However, if we continue to pursue the more challenging reality of constantly changing discharge, we
need to model a stack as the build up of numerous small conical deposits as shown below in Figure

134:

Figure 134. A compound stack formed by the accumulation of 4 small deposits on a larger
underlying cone.

This rationale of small local deposits of tailings requires a new approach for the modelling of the
growth of the stack. New challenges are introduced with the need to define both the location and the
shape of each deposit. The former has to consider the path of the meandering channel that supplies
tailings to each new deposit, and then nominate the point where the channel stops and the deposit gets
placed. In addressing the latter challenge, consideration must be made for the geometry of the

underlying material as well as the surface geometry of the freshly deposited material.
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6.5 The local deposit model

For developing a local deposition model as described above to simulate the Sunrise Dam tailings stack,
each channel path has been assumed to run as a straight line that heads radially outward from the top of
the stack in a random direction. A random number generator has been used to define the direction of
the channel for each regime in the form of a compass bearing. Straight channels do not form on a real
tailings stack, but the random direction of each channel will ensure that the location of each deposit

occurs in a realistically random location on the stack’s surface.

By applying a numerical analysis approach, this new concept uses a computer to define the surface of a
stack with a 100 meter grid of 3 dimensional Cartesian co-ordinates, and then conduct numerous trial
and error calculations to determine where each new deposit will lie. A closer spaced grid would have

been better, but this would require more processing power from the computer.

Each new deposit is initially shaped as a cone with a side slope equal to the prevailing beach slope.
The beach slope was calculated with the Fitton et al. (2006) beach slope model (equations 13,14 and

62). The volume of each deposit was calculated using the Q.t relationship (equation 106).

There are two possible outcomes for locating for the apex of each cone onto the stack: either along the
path of the prevailing channel, or otherwise above the apex of the stack. Only one of these two
outcomes is possible. If the prevailing channel equilibrium slope is significantly steeper than the slopes
found on the tailings stack, the new deposit will form on top of the stack as a crown. If the prevailing
channel equilibrium slope is much flatter than the slopes found on the tailings stack, the new deposit
will be located at the toe of the stack in a position dictated by the compass bearing direction of the
channel. In either case, the volume trapped between the surface of the new cone and the underlying
stack is equal to the discharged volume of that deposit. The discharged volume and the prevailing
beach slope of each deposit mathematically enable only one of the two outcomes to be possible for the
location of each deposit. The computer model started this analysis for each deposit by calculating the
“critical volume” for each deposit, which is defined as the volume trapped between the stack surface

and a cone with the an apex coinciding with the stack apex that has a side slope equal to the prevailing
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beach slope. An “IF” statement was then used to determine which of the two location outcomes was
appropriate, depending on whether the “critical volume” is bigger or smaller than the discharge volume
for the prevailing flow regime. If the critical volume is smaller than the discharge volume, the flow
regime creates a crown type deposit on top of the stack apex. If the critical volume is larger than the
discharge volume, the new deposit is located somewhere on the side of the stack. In either case, an
iterative exercise ensued to determine exactly where the new deposit should be placed so that the
volume trapped between the new cone and the existing stack surface is equal to the discharge volume.
For the crown type deposit, the iterative trial and error approach searched for the particular vertical
distance between the stack apex and the new cone apex that would result in the trapped volume being
equal to the discharge volume. For the channel fed deposit, the iterative approach searched for the

particular channel length that would enable the trapped volume to be equal to the discharged volume.

Once the appropriate location was found for the new deposit, the vertical co-ordinates of the respective
new shape were superimposed over the grid co-ordinates of the underlying stack, thereby becoming

part of the new stack surface.

A flow diagram outlining this sequence is presented below as Figure 135:
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Figure 135. Flow chart of the logic steps of the local deposit stack model

A series of deposits from one of the simulations that was conducted on the Sunrise Dam tailings stack
is presented in Figure 136. The numbers in the grid boxes represent elevations of points on the surface

of the tailings stack. The coloured regions show the final locations for 11 consecutive deposits.

Immediately below Figure 136 is an aerial photograph of the Sunrise Dam tailings stack (Figure 137).
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Figure 136. A series of 11 consecutive deposits (each indicated by a different colour) that were
placed on the surface of the simulated Sunrise Dam stack.

Figure 137. An aerial photograph of the Sunrise Dam stack. The dark areas on the stack surface
show the locations of recently deposited tailings. (Picture provided by Google Earth ©)
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Figures 136 and 137 show that the individual tailings deposits that have been placed by the new model
bear some resemblance to the real tailings deposits that can be seen in the aerial photograph. The
shapes and locations of the simulated deposits have been determined using the procedure described in
Figure 135. The comparison of the aerial photograph with the simulation grid suggests that the new
shape model is offering a realistic mechanism for modelling the tailings deposition process on a tailings

stack.

A three-dimensional plot of the simulated stack is presented below in Figure 138:

Figure 138. A 3 dimensional plot of a simulated stack generated by the local deposit stack model.
The grid spacing is 100 m, and the contour interval is 0.5 m. Vertical scale exaggerated.

Figure 138 presents a realistic stack shape compared to the oblique aerial photograph of the Sunrise
Dam stack presented in Figure 129. This general resemblance is also seen as positive confirmation of

the model’s ability to emulate the development of a tailings stack.

Some 15 simulations were performed with this new local deposit stack model, which are summarised in

Table 13. The first two simulations used the daily averaged tailings discharge data that was supplied
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by the Sunrise Dam gold mine as input data. This discharge data is presented in Appendix E. It can be
seen that the flow rate and the concentration figures that were reported on a daily basis all demonstrated
some variation from one day to the next. The standard deviation for each of these two columns of data
were calculated, and found to be 21.2 1/s for the flow rate data and 2.35 % w/w for the concentration
data. The input data for the next 11 regimes was generated artificially by introducing two new
parameters; standard deviation in flow rate, and standard deviation in concentration. Using these new
parameters together with nominated values of mean flow rate and mean concentration, a random
number generator was employed to create 3 columns of data for describing each discharge regime:
Channel direction, Flow rate and Concentration. The Fitton et al. (2006) beach slope model then used
the flow rate and concentration figures to determine a prevailing channel equilibrium slope for each
regime. This predicted slope was then fed into the beach shape model. In the last two simulations the
real discharge data was used once more, but it was averaged over longer time intervals, similar to the

simulations performed with the truncated cone model.

The criterion that defined the start and end of each flow regime was the chronological duration of each
flow regime. For the daily averaged date supplied by the mine, this meant that each flow regime had a
duration of 24 hours. For the last two simulations the flow regime durations were set by the chosen
intervals of 1 month and 6 months respectively. However, if the discharge rate and slurry
concentration were to remain constant for a period of (say) a year, then the model’s approach in
sending all of this slurry down one randomly defined channel would be unrealistic. To address this
issue, another “IF” statement would be included into the model that would cut this long running regime
into any number of smaller ones (as defined by some nominated time duration such as 1 day or 1 hour),
with the same flow rate and concentration, but with new channel directions assigned to each new short

regime to reflect the channel morphology that takes place on tailings beaches.

6.5.1 Water losses

It was necessary to consider the loss of volume that results from water bleeding out of the tailings
slurry and evaporating from the slurry. Observation of real tailings discharge has shown that decant

water can be seen to run off the top of the deposited tailings slurry after it stops. Much of this water
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evaporates before it runs to the edge of the stack, while more moisture is evaporated from the deposited
tailings during the long term process of desiccation. These processes all have a direct impact on the
contained volume in the stack, so it is necessary to account for this loss of water in trying to model the

build up of a tailings beach.

6.5.1.1 Water loss adjustment method # 1

This adjustment method attempted to account for bleed water runoff only. The static settlement tests
that were conducted at RMIT University (see section 3.3.16) were used as a basis for estimating the
amount of bleed water that would leave the deposited tailings. It was observed during these tests that
less concentrated slurries yielded more bleed water. This data was used to create a simple empirical
equation for predicting the water loss from a slurry as a function of the initial concentration. A plot of
the water losses as a factor of slurry concentration is presented below as Figure 139, with a line of best

fit inscribed.
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Figure 139. Plot of the experimentally observed water loss through static settlement of slurries of
various concentrations. (data presented in Table 2 in section 3.3.16)
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The empirical equation of the linear fit presented in Figure 139 appears below:

W.L.=-0.798 Cw + 66.206 (114)

Where W.L. is the water loss (expressed as a percentage of the total volume), and Cy is the initial
concentration of the slurry (% w/w) This equation was then applied to each flow regime to adjust the
discharge volume. The channel slope was still calculated on the basis of the raw discharge data though,

since it is assumed that this water loss occurs after the slurry has deposited on the tailings beach.

6.5.1.2 Water loss adjustment method # 2

Another more direct water loss correction method was developed after it was found that there was still
a substantial discrepancy between the volume contained in the surveyed Sunrise Dam stack (6.57 Mm”)
and the discharged volume of tailings (9.49 Mm’). This method simply calculated a ratio between
these two respective volumes, which has been named the “Volume Reduction Ratio” (VRR), and
calculated to be 0.692. This new water loss compensation was applied by simply multiplying the
discharged amount of each regime by the VRR. As before, the equilibrium channel slope was still

calculated on the basis of the raw discharge data.

This second water loss compensation method deserves some comparison with the first to rationalise the
implication of the VRR in respect to the experimental findings presented in Figure 139. Equation 114
would require an input slurry concentration of 44.3% w/w in order to calculate a water loss of 30.8%
v/v, which is the necessary reduction in volume required in order to calculate a VRR of 0.692. This
input concentration of 44.3% w/w is much lower than the mean concentration reported by the mine
(61.7% w/w). There are numerous possible causes for this discrepancy. The most obvious one is that
water loss method #1 does not consider evaporation, which would further reduce the volume of the
deposited tailings. This issue of volume reduction by evaporation will not be pursued further here, but

it is noted as an area that needs further investigation.
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It is noted that the concept of the shrinkage limit (Lambe & Whitman, 1979) would be of value here in
describing these water loss effects in a manner that is already established within the industry, but this
concept has not been considered here for the sake of focusing on this model without digressing into the
field of soil mechanics. In the application of this model to other tailings facilities however, it is thought
that the shrinkage limit would present a very useful means by which the VRR could be rationalised

with some simple laboratory experiments.

It is acknowledged that this water loss adjustment method would be more accurate if it took the
respective concentration of each regime into account (like the previous method), but the error will be

small in light of the relative uniformity of the regime concentrations.

It is noted from observation of tailings beaches that the desiccation (cracking) that occurs over the days
following the deposition of tailings causes the beach to contain air in the resultant cracks. This
reduction in density does not effectively register in terms of volume as detected by aerial survey, since
the surface levels are not affected so much. It is therefore important to note that the new water loss

calculations will not take these air voids into account.

As a general note, it is felt that the shape models presented here would benefit from further research of
water losses from deposited tailings. This could involve dry weights analysis of in-situ samples of
“dry” tailings dug from tailings beaches. This might also involve some quantification of the effect of a

salt crust forming on the tailings surface, a phenomena evident at Sunrise Dam.

For the 15 simulations presented here, Water Loss Method #2 was used for all except the second one,

which used Water Loss Method #1.
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6.5.2 Testing of the local deposit beach shape model against actual
beach shapes

The new stack shape model was applied to simulate the Sunrise Dam tailings stack. The same aerial
survey data that was used in the previous stack simulation work (in section 6.4.1 with the truncated
cone model) was again used here. As before, a survey done on the 29™ December 2001 was adopted to
mark the initial stack shape. The simulated growth of the stack began from the stack shape that was
presented in that survey data. Three years’ worth of discharge data was then fed into the model,
generating a simulated shape for the stack that had evolved with three years of development from the
initial stack shape. The aerial survey data that was gathered on the 31% December 2004 was then used

to compare to the final simulated shape to the final surveyed shape.

In the first of these simulations, the historic discharge data was fed into the model. This list contained
1028 flow regimes, with each regime consisting of the averaged flow rate and concentration for each
day of the 3 year period. This simulation employed the second water loss adjustment method. In the
second simulation, the same historic discharge data was fed into the model, but in this simulation the
first water loss adjustment method was used. As discussed in section 6.5.1, it was found that the
deposited volume was not correct, so the remaining simulations employed the second water loss

adjustment method.

Another 13 simulations were run to study the effects of the input parameters of this local deposit stack
model, and also to determine what input parameters must be entered into the model to arrive at a
simulated stack that closely resembles the measured stack at Sunrise Dam. A tabulated listing of the
input parameters and key results of these 15 simulations is presented in Table 13, and the averaged
profiles for a selection of these simulations have been presented graphically in Figure 140. It was

found that simulations 9, 12 and 13 offered similar averaged profiles to the actual surveyed profile.

The “averaged profile” of a stack is calculated by averaging each of the four profiles of the stack in the

directions of the four compass points. This is discussed in section 4.1.1.
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Figure 140. Averaged profiles of some simulations of the Sunrise Dam stack generated by the

local deposit model.

Figure 140 shows that simulations 9, 12 and 13 resulted in final stack shapes that resembled the real

stack. In order to achieve these shapes it was found that lower slurry concentrations were needed that

those reported by the mine. Simulation 1 was created using the discharge data that was reported from

the mine. It can be seen that the averaged profile from this simulation is much steeper than the actual

averaged profile. One explanation for this discrepancy is the effect of rainfall, which is discussed in

section 6.6.
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Simulation| Mean Flow  Mean Ch Stored Slopes Con- |Water Cormments
MNumber |Flow rate  SD Cw SO | Wolume |Upper Middle Lower|cavity| loss
It/s It/s % % Mm® (% % 9% |Ralio®)method

1 100.1 21.2 61.7 235 6.57 243 2,13 153 1.14 2 Actual discharge data.

2 100.1 21.2 61.7 235 .88 2,45 2,13 185 1.15 1 Actual discharge data.

3 100.1 21.2 61.7 235 6.57 2,11 2.01 1,58 1.05 2 Artificial data.

4 100.1 40.0 61.7 235 6.57 2,22 2.02 159 1.10 2 Artificial data.

E 100.1 21.2 61.7 G5.00 6,57 2,76 2,27 1.44 | 1.22 2 Artificial data.

5] 120.0 21.2 61.7 235 7.87 2,07 195 179 1.06 2 Artificial data.

7 100.1 21.2 EE.O0 235 6.57 1.59 1,52 1.43 | 1.04 2 Artificial data.

=] 100.1 21.2 55.0 5.00 6.57 1.91 1.68 1.34| 1.14 2 artificial data.

9 100.1 21.2 L2.0 500 6.57 1.68 1.48 1.21| 1.13 2 Artificial data.

10 100.1 21.2 k2.0 G5.00 6.57 180 1.52 1.15| 1.18 2 Artificial data.

11 100.1 21.2 Lo.o &6.00 6.57 1.65 1.41 1.08| 1.17 2 Artificial data.

12 100.1 21.2 Lo.o 800 6.57 1.89 1.50 0,99 1.26 2 Artificial data.

13 100.1 s0.0 55.0 2,35 6.57 1.91 1.50 1.47| 1.27 2 Artificial data.

14 100.1 5.3 61.7 167 657 | 2.15 2,10 1.56| 1.02 2 Monthly averaged real discharge data.

15 100.1 1.25 61.7 162 6.57 | 2.12 2,12 1.55| 1.00 2 Half-wearly averaged real discharge data.
Survey 100.1 21.2 61.7 2.35 6.57 1.67 1,37 129 1.22 Final beach profile as surveyed in Dec 04
Initial 2,53 | 1.19 0.88 046 | 1.34 Initial beach profile as surveyed in Dec 01

*Concavity ratio is defined by Upper third slope / Middle third slope.

Table 13. Simulations of the Sunrise Dam stack run with the local deposit stack model.

Table 13 shows the input parameters for the 15 simulations and the summarised characteristics of the
simulated stack. It is noted that the artificial data used in simulations 3 — 13 was generated using a
random number generator, with the mean values and standard deviations of this artificial flow rate and
concentration data presented in the 2nd 31 4t and 5 columns of the table as marked. Simulation 1, 2,
14 and 15 all used the original data, but it can be seen that the averaging of the data over longer periods
(for simulations 14 and 15) caused the standard deviations of the flow rate and concentration to drop
because the data had less variation from one period to the next. For simulations 1 and 2, the reported
mean and standard deviation figures can be seen in Appendix E. A comparison of the effects of
changing each of the 4 key input parameters (mean flow rate, mean concentration, flow rate standard
deviation and concentration standard deviation) is shown below, in a graph that is based on the results

of simulations 3 to 7, between which only one parameter varies:
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Local deposit model - Input parameter comparison
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Figure 141. Averaged profiles of 5 simulations of the Sunrise Dam stack generated by the local
deposit stack model, each showing the effect of changing a single input parameter.

Figure 141 shows that the change in the mean flow rate standard deviation (flow SD) from 21 1/s to 40
1/s had a small effect on the concavity of the beach, increasing the concavity ratio (the ratio of the upper

slope to the middle slope) from 1.05 to 1.10.

The increase in the concentration standard deviation (Cw SD) from 2.35% to 6% had a considerable
impact on the resultant stack shape, giving more concavity to the beach, with steeper slopes at the top
of the stack and flatter slopes near the toe. The apex of the stack is considerably higher, but the toe

radius remains about the same. The concavity ratio increased from 1.05 to 1.22.

Increasing the mean flow rate from 100 I/s to 120 1/s produced a larger volume of tailings, which is
reflected in the higher and longer profile of the beach. The beach slopes decreased slightly along most

of the length of the beach, but the concavity ratio remained about the same.

The change in the mean concentration from 61% to 55% also had a notable effect, with the apex getting
lower and all the beach slopes becoming flatter. The length of the beach increased slightly, but the

concavity ratio remained almost identical.
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Time averaging of the data has shown the same effect here as that which was observed previously with
the truncated cone model. The daily averaged data showed more concavity than the monthly or
semesterly averaged data that was generated in simulations 14 and 15 (see Table 13). It can also be
noted that the standard deviation in the flow rate decreased considerably with further time averaging of
the data. On this basis the data would suggest that the actual non-averaged discharge at Sunrise Dam
for the 3 year period would have a larger flow rate standard deviation than the 21 1/s calculated from

the daily average data, thereby causing the model to predict a profile more like Simulation 4.

In referring to Figure 140 it was noted that the 13" simulation bears a good resemblance to the actual
surveyed beach shape, but it had an input mean concentration of only 55% w/w, a significant drop from
the 61% reported by the mine. In some of the other simulations, mean concentrations of only 52% and
even 50% were found to predict shapes resembling the survey data. One possible cause of this
discrepancy is the effect of rainfall, something that has not been mentioned until now. This is

discussed in section 6.6.

6.6 Rainfall effects

It is noted that some 407.5 mm of rain is reported to have fallen at the Sunrise Dam mine during the
2004 calendar year, while 180.6 mm was recorded for 2003, and 450 mm for 2002. This information
was provided by the mine. If any of this rain water were to be absorbed into the tailings slurry, the
rheological parameters of the slurry would be altered, resulting in a flatter equilibrium slope, and hence

a flatter beach slope.

It is likely that rain water could enter the tailings slurry by a number of means; both upstream of the
processing plant and downstream, as well as within the processing plant itself. However, it is expected
that any introduction of rainwater upstream of the tailings discharge spigots (such as direct wetting the
ore in the open pit or on the ROM pad, or dilution of the slurry within the leach tanks or thickeners for
example) will not be of relevance, because the tailings concentration figures provided by the mine are
understood to be read at the tailings pumps. Rain falling directly on the stack is seen to pose an impact

on the water content of the slurry, with the potential for runoff from the vast surface area of the stack to
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enter the tailings channels that meander down its slopes. There is also the potential for ponds to form
near the perimeter bunds of the stack (the bund does not appear in the averaged profile for the survey
data in figure 140, but it can be seen in the survey layout plan provided in Appendix D). If the channel
should run into the pond, severe dilution will take place, with expected segregation and alluvial
deposition of coarse particles taking place immediately, and the longer term suspension of fine particles
in the pond, ultimately resulting in a significantly flatter beach in the area occupied by the pond after it
finally evaporates. There is also the question of water that is absorbed into the surface of the tailings
beach without running off. Gauging the actual amount of water to enter the tailings in such scenarios

would be of benefit to this investigation.

It is calculated that the Sunrise Dam stack has a catchment surface area of some 314 hectares. Over the
3 year period this would have collected some 3.26 Mm’® of rainwater on the basis of the figures shown
above. Compared to the 9.49 Mm® of discharged tailings, this is a significant volume of water, and

* of deposited tailings calculated from the survey data, the rainfall

when compared to the 6.57 Mm
becomes even more significant. With this in mind, it is possible that the effective concentration of
discharged tailings could be much lower than the 61 % reported, bringing simulations 9 and 13 with
their respective concentrations of 55% and 50% into the realms of plausibility, depending on how

spread out the rainfall events were. The effects of evaporation would need to be considered in this

investigation too, but such work is beyond the scope of this modelling exercise.

6.7 Beach profile concavity

Beach profile concavity has been discussed on numerous occasions in past literature, with a review of
this literature presented in section 2.1.6. Numerous causes for concavity have been asserted; for
segregating slurries, concavity has been previously claimed to be the result of segregation of particles
as they deposit along a tailings beach, with the larger particles coming to rest near the discharge outlets
(and hence producing a steep beach slope) and the smaller particles travelling further down the beach to
produce a flatter beach slope near the toe. (Robinsky 1978) For non-segregating slurries, beach profile
concavity has been attributed to a decrease in viscosity over distance, due to a gradual increase in water

content in the slurry as a result of consolidation of the underlying tailings (Robinsky 1978); particle
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size, with larger particles causing more concavity than small ones (Blight & Bentel 1983); a decrease in
concentration of the slurry as it progressively loses solid particles during its journey down the beach
(Wates et al. 1987); seepage of water through the deposited tailings from the steep areas of the beach to
the flatter areas (Kupper 1991); a variation in density of the underlying tailings from the point of view
of the stability of the channels that form on top (Chryss et al. 2006); and through variation in the slurry

discharge parameters (Fitton et al. 2006).

The work presented in this chapter presents a strong case to support the theory that the variation in the

slurry discharge parameters is the cause of concavity in a beach formed with non-segregating tailings

slurry.

This new model presents a means by which concavity is generated without any “concavity factor”
being required. Providing the input data exhibits variation in either the flow rate or the rheology, the

simulated stack will exhibit concavity.

6.8 Discussion

Two models have been presented in this chapter for the simulation of the growth of a tailings stack
formed by the deposition of non-segregating tailings slurry, with the second of these models providing
a more realistic basis for beach development and some realistic shapes in comparison to a real tailings
stack. This exercise has not only introduced a plausible explanation for the concavity typically
observed on a tailings beach created by the sub-aerial discharge of a non-segregating tailings slurry, but

a means by which this concavity can be modelled.

The local deposit model presented here could be further developed to suit more complex tailings stacks
with multiple points of discharge on undulating underlying terrain. It could also be adapted to perform

beach growth simulations in impoundment type tailings storage facilities.
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This new beach shape model presents a superior approach to any of the other shape models discussed in
section 6.1. Not only does this model produce more realistic surface contours than those generated by
the other models, but it also has the ability to handle detailed input data and react to the input data. For
example, if one day should find that the water content of the tailings shoots up unexpectedly, the
resultant deposited material on that day will form a flatter beach somewhere far from the discharge
spigot. Likewise, if an unexpected drop in the tailings flow rate should occur (perhaps as a result of a
mill break-down), then the deposited tailings during this time will form a steep build-up near the spigot.
The other models will not react in such a manner. They will simply build up the entire TSF surface on
the basis of the input slope and concavity factors that the user defines. Longer term effects such as the
gradual changing of the ore mined, increasing production, or upgrades in processing technology can be

handled rationally by the local deposit model by reacting to the input data fed into it.

Strong anecdotal support is provided for this model by some examples of the management of the
tailings storage facilities at the Sunrise Dam gold mine and the Peak gold mine in Cobar. The
operating personnel at the Sunrise Dam gold mine have exploited the channel flow behaviour of
tailings slurry to control the deposition that occurs on their tailings stack. By adjusting the flow rate
from individual discharge spigots with valves, they could control how far the tailings would deposit
from the discharge spigot; if they wanted to build up the upper region of the beach they would cut back
the discharge rate on the applicable spigot, while if they wanted to send the tailings out to the far
reaches of the stack they would increase the flow from a spigot. At the Peak gold mine in Cobar this
channel flow behaviour of tailings slurry was exploited in a different way in an effort to develop
steeper beach slopes; more discharge spigots were fitted to the end of the tailings supply line. By
splitting the discharge into about § streams, the beach became significantly steeper, providing that the
streams could be prevented from merging into one another on the beach. This reflects the findings of
the operators of the Kidd Creek stack, who also split the slurry flow to achieve steeper beach slopes.
(Robinsky 1975) Such anecdotal observations of tailings deposition behaviour provide strong support
to the notion of the channel slope dictating the beach slope, which in turn presents some good support

to the new beach slope models and beach shape model presented in this work.
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Chapter 7: Conclusions and Recommendations

7.1 Conclusions

This work has made some valuable contributions to the state of the art of tailings beach slope

prediction, tailings deposition modelling, and the modelling of open channel flows.

Strong evidence has been presented to suggest that the equilibrium slope of an open channel of tailings
dictates the resultant beach slope that forms. The models that predict channel equilibrium slopes well
when compared to open channel flume data also predict beach slopes accurately upon comparison with
industrial beach slope data. Further evidence of this phenomenon is provided by anecdotal reports

from two mines where this channel flow behaviour is exploited to control the beach that is formed.

Some 16 tailings beach slope prediction models from the literature have been applied to predict beach
slopes against some 5 sets of relevant experimental and industrial data, with the predictive accuracy of
each model statistically evaluated and compared. It was found that the Fitton et al. (2006) model was
the only one that predicted tailings beach slopes reasonably well in comparison to industrial beach

slope data, with the other models failing to do so.

Experimental findings suggest that the open channel flow of tailings slurry in self-formed channels on

tailings beaches is always turbulent within the range of rheology and flow rates tested.

Segregation does not occur in a flowing channel of tailings slurry when the concentration of the slurry
is above its effective segregation threshold. Below this segregation threshold, the channel adopts a
relatively flat equilibrium slope. In such segregating slurry flows, the segregation of particles occurs at

channel slopes flatter than equilibrium, with the larger particles settling to the channel bed.
It was found that sheared segregation threshold tests should supersede the static segregation threshold
tests that are currently used to determine the slurry segregation threshold. Static tests appear to under-

predict the effective segregation threshold in a flowing open channel of tailings slurry.
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The flow rate has a major effect on the equilibrium slope of a channel, with low flow rates requiring
steep slopes to avoid solids deposition from occurring on the channel bed, and high flow rates

maintaining flatter slopes without deposition occurring.

The concentration has a less noticeable affect on the slope, but the experimental results suggest that low

concentrations of slurry will drop particles at flatter slopes than high concentrations.

Particle size has been experimentally observed to affect the channel slope, with large particles causing

steeper equilibrium slopes than small particles.

A comparison of some flow resistance equations has found that the Darcy-Weisbach equation works
well with the Colebrook White equation being used to calculate the Darcy friction factor to model open

channel flows.

It has been found that the Manning-Strickler flow resistance equation with the Lacey particle size
correlation fits the flume data very well, therefore suggesting that the equilibrium flow criterion is

equivalent to the Lacey regime flow criterion.

Investigation of the application of the Colebrook White equation for open channels with granular
boundaries has found that the best results were gained by assuming that the channel surface roughness

term k; in the Colebrook White equation is equal to 2 x dy.

The Oroskar & Turian (1980) minimum transport velocity equation is found to offer good predictions
of the minimum velocity required to transport solid particles in tailings slurries upon comparison with

some 17 other minimum transport velocity equations from the literature.

An analytical investigation of the cross-sectional shape of self formed tailings channels has found that
the cross-sectional geometry has a negligible effect on the beach slope predictions made with the new a

priori model and the new semi-empirical model.
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Three new tailings beach slope models have been presented in this work:
e A new simple empirical equation is presented to enable tailings beach slope predictions to be
made with ease and speed, with only the flow rate and concentration required as input
parameters. A chart form of this new simple empirical model is also presented, which enables

beach slopes to be predicted without the need for any calculations to be made.

e A new a priori tailings beach slope prediction model is presented here, which enjoys the major
advantage of being founded on proven, previously established equations. This a priori model

makes good predictions compared to previously presented beach slope models.

e A new semi-empirical beach slope model is presented, which yields more accurate beach
slope predictions than the a priori model. This model is empirically calibrated with the field

flume data, but validated with other independent data.

A method for predicting the laminar/turbulent transition point in open channels for a non-Newtonian
fluid is presented. This method can be used to determine the state of flow (whether the flow is laminar
or turbulent), and can also be applied to predict the depth of flow in an open channel of non-Newtonian

fluid, for both laminar and turbulent flows.

A new three-dimensional tailings stack shape prediction model provides realistic shape predictions
upon comparison with a real stack. It is found that the new model breaks new ground in its ability to

react to the input data with its shaping of the tailings beach surface.

The new models presented in this work lend further support to the semi-empirical model presented by
Fitton et al. (2006). It is of interest to note the resemblance of the field flume data in the fit plots of the
new models presented here to that in the fit plot presented in Fitton et al. (2006). For these new
models, it can be seen that the outlying points appear to recur in the same manner as was observed in
the Fitton et al. (2006) plot. This would suggest that the experimental data is the cause, with these

points actually being outliers, as opposed to the model being the cause of their waywardness. This

Tailings beach slope prediction Tim Fitton




Chapter 7 — Conclusions and Recommendations 254

exercise has therefore lent substantial support to the semi-empirical model put forth by Fitton et al.

(2006).

This work has shown that the various physical principles at work in the deposition process of
hydraulically discharged non-segregating tailings have already been extensively researched under a
number of other related scientific fields. It brings the science of tailings beach slope prediction into the
well established fields of rheology, sediment transport and hydraulics. Much work has been done in
recent decades to empirically predict tailings beach slopes, to develop laboratory scale experimental
procedures for predicting beach slopes, to explain the phenomena with the application of various
theories, and create new ones. It is hoped that this work will provide some basis and direction for

future research in the field of tailings beach slope prediction to build on.

It was found that the Parker et al. (1988) model with the Whipple et al. (1998) empirical constants
performed quite poorly against all of the validation data used in this work, but more importantly, it
performed poorly against the alluvial fan data that was presented by Whipple et al. This is a significant
issue, because this model was deemed to be the most accurate and realistic by Whipple et al. Given the
considerably better performance of some of the beach slope models reviewed and presented in this
work, a significantly improved approach could be recommended to those wanting to model the slopes

of alluvial fan deposits.

It can also be argued from this finding that the beach slope equations presented here present the
potential for an advance in the prediction of river and natural channel bed slopes, since the Parker
model visited here is often cited in the prediction of such processes. (Eaton et al. 2004; Kramer &

Marden 1992)

7.2 Recommendations

The following recommendations are made, not only on the basis of what has been learned in this

project, but also in terms of what could add further benefit in related fields:
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e  More flume tests in a larger flume that is able to run large flow rates of 30 ~ 150 I/s would be

useful, since this is the magnitude of the discharge in many large mines.

e  Further flume testing of tailings slurries with different rheology and particle characteristics to
those tested in this research should be carried out. It has already been noted that the rheology
of the two tailings slurries of Sunrise Dam and Cobar was remarkably similar as a function of
the respective concentration of each slurry. It is also noted that both slurries contained

particles of almost identical density.

e  More research with the self-formed channel style of flume would be of value. This would add

further support to the link between equilibrium slopes and beach slopes.

e The installation of a Coriolis flowmeter in the slurry supply line of the flume would improve
the flow and concentration measurement techniques significantly. A Coriolis flowmeter is
able to measure both flow rate and fluid density with accuracy and reliability. Spikes or
fluctuations would be noticed immediately. The time taken to make these measurements
would be virtually instant, compared to 5 minutes for flow and 3 minutes for concentration
using the methods described in Chapter 3. With the Coriolis flowmeter feeding a constant
stream of measurements to a computer, the further installation of actuated valves in the water
and slurry feed lines would allow the computer to constantly adjust the incoming flows of

tailings and water to eliminate fluctuations.

e The installation of a pair of differential pressure transducers into the tailings feed line to the
flume would enable in-line rheological measurement of the slurry as it enters the flume. This
would present a significant advance on the present method, since all assumptions about the

slurry rheology could then be replaced with a constant stream of measured rheology data.
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e  Further research into the segregation threshold of a slurry would be useful. In particular, it is
felt that some form of empirical or theoretical relationship between the static segregation

threshold value and the effective sheared segregation threshold would be of significant value.

e Development of a sheared segregation testing apparatus with simpler geometry would be of

value, so that the effective shear rate can be more easily determined.

e Conduct more flume tests at the low flow rate region to further investigate the phenomenon of

low concentrations reaching steep slopes. This also has potential implications for the

interpretation of results from small scale flume experiments.
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Appendix A: Field flume experimental data

This appendix contains the detailed log of measurements made during the Sunrise Dam experimental

campaign, which took place from 22™ February 2005 to 18™ March 2005. The Cobar detailed data is

not presented here, as it has already been presented in the thesis of Behnam Pirouz (Pirouz 2006), but a

summary table of the equilibrium slopes recorded at both mine sites is presented below as Table 14.

Flow, G Concentration, Cyy  Channel Radius  Depth  Eq' Slope dsg das P S

Ifs S ety i I % L L kyim® kg
Sunrise Dam
1.935 43.7 170 23 4.8 16 140 2800 1150
2205 BE.8 170 25 G.0 16 140 2800 1160
227 436 170 25 38 16 140 2800 1160
233 491 170 24 5.0 16 140 2800 1140
3.245 BE.1 170 26 4.8 16 140 2800 1150
4.03 42.0 170 38 1.3 16 140 2800 1150
4095 387 170 41 0s 16 140 2800 1160
4755 37 170 43 1.0 16 140 2800 1160
486 308 170 45 0a 16 140 2800 1140
4.935 BE.6 170 33 4.9 16 140 2800 1150
5,165 258 170 49 0.8 16 140 2800 1150
522 G4.2 170 31 4.5 16 140 2800 1160
5,295 R1.3 170 34 38 16 140 2800 1160
5785 493 170 36 4.0 16 140 2800 1140
B.71 33.4 170 52 09 16 140 2800 1150
B.735 33.4 170 52 1.0 16 140 2800 1150
706 R1.8 170 42 38 16 140 2800 1160
7455 47 3 170 a0 1.3 16 140 2800 1160
B8.075 G20 170 45 =) 16 140 2800 1140
5.54 425 170 o8 09 16 140 2800 1150
954 B0.7 170 52 30 16 140 2800 1150
9.RB5 3.4 170 48 38 16 140 2800 1160
10.07 A6.4 170 a0 33 16 140 2800 1160
10.34 a0.9 170 a0 28 16 140 2800 1140
10.36 42.4 170 G4 0.8 16 140 2800 1150
10.53 53.3 170 46 4.0 16 140 2800 1150
11.695 461 170 E7 0.8 16 140 2800 1160
11.94 3.4 170 48 4.0 16 140 2800 1160
13.025 f5.6 170 59 23 16 140 2800 1140
13.405 2.3 170 G2 28 16 140 2800 1150
13.95 3.4 170 o3 28 16 140 2800 1150
1412 G4.2 170 53 33 16 140 2800 1160
16522 R3.9 170 70 2.3 16 140 2800 1160
16.115 A16 170 70 18 16 140 2800 1140
16.65 53.8 170 ] 16 16 140 2800 1150
16.735 B3.0 170 B2 33 16 140 2800 1150
1649 R3.8 170 5] 25 16 140 2800 1160
17.33 B0.3 170 G4 33 16 140 2800 1160
17 625 B0.3 170 72 20 16 140 2800 1140
20,78 B1.9 170 5151 4.5 16 140 2800 1150
24.03 B2.5 170 95 1.3 16 140 2800 1150
Cobar
18 458 180 213 7a Al 2800 1000
4 a4.7 180 30 372 7a a1 2800 1000
7.2 53.3 180 36 293 78 a1 2800 1000
3 a7 .2 207 43 3 = a1 2800 1000
114 R4B 207 54 26 78 Al 2800 1000
144 R 207 a7 24A3 7a Al 2800 1000
154 5.5 207 57 2 7a a1 2800 1000
16.1 577 180 E7 2.3 78 a1 2800 1000
19 558.0 207 73 1.68 = a1 2800 1000
Table 14. Summary table of equilibrium slopes observed in the field flume experiments
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Upon close inspection of the logged data (Table 15) it will soon become apparent that the equilibrium
slopes summarised in Table 14 do not stand out amongst all the other recorded information. This
epitomised the nature of the flume experiments, where a constant vigilance was maintained in an
attempt to determine whether the slope of the flume was above or below the elusive equilibrium slope
at any given moment. This makes the results highly subjective to the experimenter’s judgement, which
is a common and often lamented trait of sediment transport experiments. The frequent monitoring of
the upstream surface level (USL), downstream surface level (DSL) and the regular searching for
deposition was done in an effort to test for the presence of depositing sediment in the flume bed, the
criteria which indicated that the flume slope flatter than equilibrium. A period of 20 minutes in which
no deposition was observed in the channel led to the conclusion that the prevailing flume slope was
steeper than equilibrium. Due to occasional unexpected fluctuations in slurry discharge from the
process plant, regular monitoring of the flow and concentration were necessary. The bob
measurements were a rough indicator of the flow rate, which worked by means of a buoy floating in the
plunge box, where weir principles dictated that the elevation of the buoy would be a function of the
flow rate. These bob readings were useful as an “early warning” indicator that the flow had
unexpectedly changed, or possibly that deposition was occurring in the flume, thereby elevating the

upstream depth.

On numerous occasions many hours worth of logged data (and work) was forfeited due to an

unexpected change in the flow rate or slurry concentration. This data has remained in the log.

Table 15. Detailed log of chronologically recorded data from the Sunrise Dam campaign
Date Time Flow Marcy | Slope USL DSL Bob | Vel Deposition Location dep'n Other comments
22-Feb-05 | 10:20 61.7 3

10:40 | 5.71

10:44 220 | 226
11:35 208 | 224
11:36 4

11:44 230 232
11:48 63

11:52 | 5.71

12:01 229 231
12:19 227 | 232
12:34 225 | 233
12:37 63

12:39 | 5.71

12:41 45

12:46 231 | 235
13:02 231 233
13:04 4.25

13:12 231 | 234
14:27 225 | 225
14:29 | 522

14:30 10
14:32 4.5

14:38 233 | 233
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23-Feb-05

24-Feb-05

Tailings beach slope prediction

15:00
15:05
15:13
15:15
15:30
15:35
15:46
15:50
16:30
08:45
09:00
09:02
09:05
09:08
09:18
09:24
09:25
09:30
09:44
10:45
10:48
10:52
10:55
10:58
11:04
11:12
11:31
11:53
11:58
12:01
12:10
12:11
12:30
12:33
12:38
12:55
13:00
13:06
13:28
14:42
14:43
14:46
14:48
15:11
15:30
15:45
15:46
15:48
15:49
15:49
15:50
15:50
15:54
16:10
16:33
16:38
07:10
07:12
07:20
07:32

07:34
07:35
07:35
07:40
07:45
07:55
08:08
08:13
08:20
08:38
08:40
08:58
09:00
09:03
09:06
09:07
09:08
09:16
09:21
10:57
11:18
11:20
11:25

522

7.41

7.95

8.63

8.57

7.06

3.5

4.48

4.2

524

63

59.1

60

61.3

59.9

59.7

61.5

64.5

65.8

63.7

62.8

3.25

3.75

5.25

231

230

230

229

228

219

215

219

203

218

217
217

217

214

212

217

216
206

221

216

214

210

233

234
233

236

234

234

234

234

234

234

226

225

220

224
224
224

224

224

225

225

225
228

229

228

228

228

234

234
234

235

234

231

0.88
0.82
0.86
0.81
0.85
0.82

1.2

1.29

6t08

6to08

7.5

7.5

75

Slurry temp 39 deg

Position 6

Velocity profile x section at 6

Decant marcy = 9%
Potable water marcy = -8%
Air temp = 22 deg

Slurry temp at downstream
355

Slurry temp upstream 36

Velocity profile x section at 6.1

CL d10 pos6.1
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25-Feb-05

26-Feb-05

Tailings beach slope prediction

11:26
11:26
12:00
12:02
12:02
12:07
12:10
12:13
12:16
12:17
13:06
14:30
14:32
14:34
14:35
14:38
14:39
14:40
14:44
14:47
14:47
14:52
15:08
15:08
15:08
15:12
15:13
15:20
15:30
15:35
15:40
15:46
15:46
07:00
07:30
07:45
08:15
08:16
08:20
08:40
08:41
08:45
08:47
08:48
10:10
10:15
10:15
10:20
10:30
10:32
10:33
10:39
10:42
10:42
10:49
10:50
10:53
10:55
10:57
10:58
11:00
11:00
11:07
11:08
11:11
11:15
11:16
11:17
11:17
11:20
11:25
11:57
11:57
12:00
15:00
15:05
07:00
07:45
07:48
07:52
08:06
08:08
08:15
12:14

5.31

4.67

4.58

0.3

0.1

2.86
214
4.92

2.38

1.76

23

1.26

4.62

0.16

55
3.8

64

65

65.2

66

62.8

67.5

64.2

64.2

65.2

64.5

63.2

62.2

4.9

4.5

4.5

229

224
233

243

238

237

237

234

236

244

249

240

231

231

224
231

240

241

239

239

237

238

242

245

1.35

1.21

1.26

1.26

0.5

0.05

0.7

1.2

1.15

1.25

1.14

1.18

1.26

1.2

1.16

5t08

Velocity profile x section at 6.1
Air temp = 41.5 deg

CL d10 pos6.1

CL d10 pos6.1

Run aborted. Mill trouble.
Density probe proven useless

Air temp = 39 deg

Mill conc. 69%

Air temp = 33.5 deg
Slurry temp = 39.5 deg
Supply trouble. Flow reduced.

Supply trouble. Flow reduced.
CL d10 pos4.7
Opened valve

Velocity profile x section at 4.7

Opened valve
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27-Feb-05

Tailings beach slope prediction

08:55
08:59
09:00
09:04
09:10
09:11
09:15
09:18
09:21
09:23
09:28
09:45
09:48
09:51
10:00
10:06
10:12
10:13
10:15
10:17
11:03
11:06
11:10
11:15
11:25
11:30
11:36
11:42
11:51
11:54
11:59
12:01
12:03
12:48
12:57
13:03
13:04
13:05
13:07
14:50
14:52
14:55
14:58
15:08
15:10
15:20
15:25
15:26
15:29
15:30
15:32
15:50
15:56
16:00
16:09
16:11
16:30
16:42
16:45
16:47
07:05
07:07
07:25
07:32
07:53
07:56
08:06
08:15
08:17
08:35
08:36
08:40
08:46
08:55
09:50
09:56
10:10
11:10
11:15
11:25
11:25
11:50
12:05
13:25

3.9

3.34

3.32

3.1

3.29

3.2

2.98

3.35

7.36

10.3

9.09

591

19.9

17.6

17.7

18.1

64

64

64.2

64.5

65

64.2

64.2

64.3

64

61

61

60.5

62

5.25

4.75

225

275

240

239

240

240

240

239

238

238

238

237

234

205

201

195

216

217

222

172

167

159

186

184
180

177

190
181

239

239

239

239

239

238

238

237

237

237

215

214

211

224

225

228

182

184

186

195

197
200

198

201
203

0.83

2to3

O0to9

76

Closed valve 30 deg

Velocity profile x section at 4.7
Velocity profile x section at 7.5
CL d10 pos8.7

Filmed hydraulic jumps

Air temp =41 deg
Slurry temp = 43 deg

Mill changed flow

Opened valve. No good.

Vert. vel profile x section pos?

Drew deposition profile

Tim Fitton
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28-Feb-05

01-Mar-05

Tailings beach slope prediction

13:30
13:45
14:00
14:08
14:08
14:19
14:25
14:30
14:38
14:40
14:45
14:45
14:53
15:15
06:40
06:45
06:58
07:00
07:04
07:15
07:30
07:30
07:30
07:35
07:45
07:50
08:00
08:02
08:05
08:08
08:10
08:15
08:21
08:22
08:30
08:33
08:35
08:42
08:57
08:57
08:59
09:03
09:10
09:15
09:18
09:22
09:30
09:33
09:37
09:43
09:48
09:48
10:43
10:43
10:46
10:51
10:54
10:55
11:06
11:22
11:28
11:28
11:41
11:43
11:58
12:02
12:02
12:08
12:10

12:11
12:12
07:00
07:15
07:32
07:36
07:42
07:43
07:44
07:46
07:50
07:51
07:56
08:00

17.4

16.6

12.2

11.9

11.6

11.5

9.65

11.8

13.6

14.1

14.3

13.6

63

62.5

62.5

62.5

62

62.5

62.5

63.5

62.5

61

61

3.75

3.25

2.75

3.75

183
181

183

185

187

183

213

211

211

211

214

211

207

202

198

206

204

205

206

214

214

211

210

200
200

201

202

204

203

220

219

219

218

220

218

213

213

210

210

214

214

213

214

222

222

218

125

13.5

12.5

11.5

11.7

12.2

13.4

13.2

6.5t07.5

55t07.5

6t08

7.5

7.5

Eratic flow

Slurry temp = 42.5 deg
Air temp = 24 deg

Opened valve

Bob =19.5 cm @ O flow 7%
slope
Windy and rainy. Retired

Tim Fitton
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08:01
08:03
08:05
09:33
09:33
09:37
09:44
09:49
09:50
10:20
10:20
10:22
10:27
10:32
10:45
10:46
10:48
10:55
10:56
11:08
11:09
15:10
15:11
15:12
15:13
02-Mar-05 | 09:15
09:30
09:46
09:50
09:53
10:03
10:04
10:10
10:16
10:16
10:19
10:37
10:38
10:45
10:48
10:52
10:57
11:04
11:04
11:20
11:23
11:28
12:00
12:05
12:08
12:10
12:13
13:36
13:36
13:36
13:44
13:44
13:54
13:59
14:01
14:20
14:26
14:30
14:33
14:41
14:43
14:44
14:48
14:50
14:54
14:56
15:08
15:12
15:14
15:17
15:23
15:25
15:30
15:39
15:42
15:46
15:48
15:55
15:59

Tailings beach slope prediction

9.54

11.8

10.8

15.4

14.6

15.2

14.2

17.8

222

23.2

22.5

61.3

61.2

62.1

62.6

62.8

63

63

62.8

61.5

61.7

225

1.75

1.25

204

201

200

200

202

180

187

189

189

189

187

186

184

185

158

182

178

177

173

174

177

173

173

218

218

215

216

216

217

199

201

201

203

202

202

200

201

200

200

193

191

190

192

192

185

185

13.2

13.2

13.2

125

12.5

12.9

10.2

10.5

10.9

10.9

10.9

10.8

9.8

9.5

9.7
8.3

8.5

7.7

7.7

7.7

75

7.8

20

20

7t09

6.5t09

Air temp = 19.5 deg
Slurry temp = 40.5 deg

Opened slurry valves max
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03-Mar-05

Tailings beach slope prediction

16:02
16:04
16:11
16:15
16:18
16:19
16:22
16:26
16:27
16:31
16:31
16:37
16:37
16:39
16:41
17:20
17:20
17:22
17:30
17:36
17:36
07:00
07:00
07:01
07:04
07:20
07:24
07:24
07:25
07:50
07:50
07:59
07:59
08:08
08:09
08:13
08:16
08:37
08:38
08:39
08:41
08:42
08:45
08:46
08:52
08:56
08:58
09:00
09:05
09:10
09:10
09:14
09:20
09:24
09:28
09:29
09:31
09:37
09:38
09:41
10:50
10:55
11:00
11:10
11:10
11:13
11:23
11:27
11:29
11:39
11:42
11:44
11:46
11:49
11:51
11:55
11:56
11:58
12:05
12:10
12:14
12:15
12:16
12:20

24

24.2

16.5

13.4

62

62

61.8

62.5

62

61.5

62.2

62

62

3.25

225

2.75

166

166

163

162

159

158

197

196

194

193

193

193

188

188

192

192
181

198

197

194

193

177

177

175

174

172

175

208

207

207

208

198

199

203

205
204

208

208

208

7.4

7.4

7.4

7.2

7.2

71

71

9.8

9.8

9.8

9.8

1.2

11.2

1.4

1.4

11.4

1.4

1.4

1.4

1.4

1.39

1.2
1.37

1.49

1.21

1.42

1.57

1.61

1.52

5t08

cl depth15 pos?

7 fluid samples collected

Air temp = 21.5 deg
Slurry temp = 38 deg

CL pos8 d20
CL pos6.5 d20

CL pos4.9 d20
Mill changed flow
CL pos3.1 d20

CL pos8.1 d20

CL pos6.5 d20

CL pos4.8 d20

CL pos3.1 d20

CL pos3.9 d20

CL pos 5.4 d20
Recorded long section profile
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04-Mar-05

05-Mar-05

Tailings beach slope prediction

12:32
12:32
12:36
12:43
12:47
12:51
06:35
06:40
06:47
06:53
06:54
07:08
07:09
07:12
07:22
07:25
07:25
07:31
07:31
07:37
07:42
07:42
07:47
07:49
08:00
08:01
08:05
08:06
08:12
08:16
08:18
08:19
08:21
08:28
08:30
08:32
08:37
08:38
08:39
08:43
08:45
08:46
08:47
08:47
08:50
09:08
10:40
10:48
10:50
11:00
11:04
11:05
11:16
11:16
11:42
11:44
11:46
11:50

11:54
12:20
12:22
12:24
12:27
12:33
12:42
06:25
06:32
06:38
06:40
06:53
06:57
07:05
07:10
07:13
07:16
07:17
07:25
07:30
07:33
07:40
07:41
07:45
07:45

13.6

8.05

7.88

5.5

5.09

2.08

1.7

61.5

62

61.2

62

61.5

61.6

62

61.2

61

55.5

55.5

54.5

3.5

3.88

191

217

215

214

213

212

210

214

213

228

225

222

205

203

208

204

209

223

224

223

223

224

225

224

225

232

233

233

210

209

211

207

1.4

11.4

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.5

14.7

14.7

16.5

16.5

16.5

16.5

13.8

13.6

14.2

1.41

1.51

1.51

1.58

1.31

1.51

1.1

5t06

6to08

6.3

CL pos5.65 d20

CL pos4.87 d20

CL pos4.26 d20

CL pos3.30 d20
Recorded long section profile

CL pos6.60 d20

CL pos5.20 d20

CL pos8.30 d20

CL pos7.50 d20
7 fluid samples collected

Closed slurry valve

Recorded long section vel
profile

3 fluid samples collected
Opened water valve

Opened slurry valve

Air temp = 17 deg
Slurry temp = 39 deg
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06-Mar-05

Tailings beach slope prediction

07:48
07:50
07:54
10:50
10:52
10:55
11:00
11:08
11:10
11:15
11:21
11:23
11:25
11:30
11:32
11:33
12:05
12:05
12:07
12:21
12:29
12:29
12:42
12:42
12:52
12:53
12:54
12:56
13:05
13:05
13:07
13:15
13:16
13:23
13:25
14:31
14:31
14:45
14:45
14:50
15:00
15:10
15:15
15:15
15:17
15:26
15:27
15:30
15:35
15:36
15:42
15:45
15:46
15:47
15:49
15:55
16:00
16:01
16:07
16:10
16:20
17:05
17:06
17:11
17:12
17:15
06:30
06:36
06:41
06:45
06:48
06:49
06:52
06:58
06:59
07:05
07:09
07:14
07:15
07:17
07:19
07:22
07:26
07:35

10.8

3.7

16.2

16.4

16.5

16.3

16.5

6.72

6.75

6.5

61.7

55

54

55

55.5
55

55.7

55.9

55.5

56.1

56.7

56

56
45

43.5

42.5

43.5

1.63

192

191

190

191

190

190

189

186

189

191

192

192

191

192

192

214

213

212

212

197

196

196

197

196

196

196

195

195

196

196

196

196

196

195

209

209

208

208

11.5

1.5

11.5

11.8

1.7

11.5

1.2

1.2

1.2

1.2

17,7

1.1

15.5

15.2

15.2

15.2

15.2

8t09

8t09

Water shut off. Aborted run.
Opened water valve

Opened slurry valve

Recorded vel profile section 4.2

4 fluid samples collected

4 fluid samples collected
Graham Ehm visited site
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07:37
07:40
07:43
07:52
07:54
07:56
07:59
08:01
08:03
08:05
08:07
08:09
08:11
08:13
08:13
08:15
08:22
08:28
08:31
08:32
08:40
08:43
08:44
08:46
08:47
08:48
08:49
08:50
08:51
08:52
08:53
08:56
08:58
09:00
09:01
09:18
11:59
12:00
12:07
12:09
12:12
12:14
12:21
12:32
12:48
12:50
14:05
14:20
14:25
14:27
14:28
14:50
15:04
15:05
15:07
15:40
15:43
15:43
15:46
15:48
15:48
15:54
15:58
16:00
16:01
16:13
16:15
16:25
16:26
16:30
16:35
16:39
16:41
16:43
16:43
16:49
16:50
16:59
17:11
17:19
17:21
17:24
17:24
17:30

Tailings beach slope prediction

6.71

8.89

9.12

8.87

8.57

8.54

435

43.5

43.9

44

50

49

49.6

49

49

50

0.88

0.93

1.25

0.88

212

213

212

214

213

213

207

206
206

205

206

206

206

205

205

205

205

206

205

205

206

206

205

208

203

179

209

208

209

209
209

210

210

209

209

208

208

208

208

208

207

206

206

206

204

15.2

15.2

15.2

14.1

14.2

14.2

14.1

14.1

14.1

0.92
0.98
1.05
0.87
0.76
0.67
0.71

0.89
1.03
1.03
1.06
1.01
1.03

0.95

30

CL pos8 d10
CL pos7 d10
CL pos6 d10
CL pos5d10
CL pos4 d10
CL pos3 d10
CL pos2 d10
CL pos1d10

Calm surface from 1 to 3

CL pos8 d10
CL pos7 d10
CL pos6 d10
CL pos5 d10
CL pos4 d10
CL pos3 d10
CL pos2 d10
CL pos1d10

7 fluid samples collected

New flow rate

Andrew measured velocities

Andrew measured velocities
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17:31
17:34
17:40
17:41
17:49
17:51
17:52
17:53
17:55
17:58
17:59
18:03
18:04
18:05
18:08
07-Mar-05 | 06:30
06:40
07:10
07:13
07:25
07:33
07:39
07:43
07:45
07:46
07:54
08:04
08:09
08:10
08:21
08:22
08:27
08:30
08:33
08:34
08:37
08:41
08:54
08:54
10:20
10:20
10:21
10:27
10:32
10:34
10:35
10:47
10:48
10:52
10:54
10:55
10:56
11:06
11:06
11:12
11:28
11:30
11:43
11:43
11:55
12:00
12:05
12:40
12:50
12:52
12:56
12:57
12:59
14:03
14:06
14:07
14:12
14:17
14:20
14:25
14:50
15:00
15:08
15:13
15:14
15:21
15:22
15:30
15:32

Tailings beach slope prediction

9.36

5.45

3.75

3.95

3.74

3.56

3.74

3.77

3.89

3.91

4.15

111

49.3

49.5

50.5

48.5

49

48

47

50

50.3

49.7

49

49
49

55

53.8

0.75

1.25

206

206

205

205

205

232

231

232

230

229

229

227

226

225

225

225

225

206

207

207

204

203

203

200

199

227

227

228

226

225

225

223

223

223

223

224

224

210

210

210

13.8

13.8

171

171

171

16.9

16.8

16.8

14.8

13.6

30

0.3

8.7

9.3

Called ROM. Same blend.

Drew plumbing system diagram

Andrew measured velocities

3 fluid samples collected
Mill reduced water flow

Measured gate leakage rates
New flow regime
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15:33 13.7
15:45 206 210
15:46 13.7
15:33 206 210
15:57 0
16:00 15
16:02 203 208
16:02 13.3
16:06 10.4
16:06 53.9
16:10 Measured gate leakage rates
16:17 204 207
16:19 13.4
16:22 0
16:28 203 208
16:28 13.3
16:30 1.25
16:31 201 204
16:32 13.2
16:36 10.4
16:40 54
16:45 201 204
16:45 131
16:51 1
16:53 200 203
16:53 131
17:00 201 203
17:08 10.1
17:10 53.3
17:18 201 202
17:19 0
08-Mar-05 | 07:30 10.2
07:32 54.5
07:35 1
07:37 13.9
07:38 202 204
07:40 199 204
07:41 13.9
07:50 54.5
07:59 196 203
08:00 13.8
08:03 12 8.8
08:09 10.5
08:10 135
08:12 55
08:14 1.75
08:23 205 210
08:24 13.8
08:25 Called ROM. Same blend.
08:37 203 210
08:38 13.7
08:40 5 8.6
08:43 2
08:51 207 212
08:52 13.8
08:54 10.2
08:57 55
09:00 14
09:11 207 212
09:11 14
09:20 206 211
09:21 13.9
10:10 198 211
10:11 13.7
10:13 56
10:14 13 8.8
10:17 10.7
10:20 225
10:30 208 214
10:30 13.9
10:41 208 214
10:44 13.8
10:53 205 213
10:54 13.7
10:56 56.4
11:02 10.7
11:07 204 213
11:08 13.8
11:12 3] 8.5
11:14 25
11:24 206 212
11:25 13.6
11:26 5 fluid samples collected
11:37 207 213

Tailings beach slope prediction Tim Fitton
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09-Mar-05

Tailings beach slope prediction

11:38
11:47
11:48
12:05
12:06
12:07
12:08
11:55
12:16
12:17
12:21
12:24
12:25
12:25
12:26
12:49
12:49
12:50
12:52
12:56
15:04
15:08
15:09
15:11
15:15
15:15
15:44
15:45
15:52
16:01
16:02
16:07
16:07
16:55
16:55
17:00
17:03
06:10
06:12
06:15
06:20
06:21
06:22
06:28
06:30
06:33
06:34
06:40
06:45
06:47
06:47
06:48
06:55
06:59
07:00
07:00
07:01
07:03
07:04

07:25
07:28
07:28
07:28
07:30
07:35
07:36
07:38
07:39
07:40
07:41
07:44
07:45
07:46
07:55
07:56
07:57
07:58
08:02
08:05
08:07
08:07
08:08
08:10

10.5

14.5

5.13

4.94

4.57

4.87

56

56.5
56

55.7

59

45.5

42

43

42.5

42.5

275

225

0.75

207

207

209

209

210

215

215

205

225

224

224

222

222

222

219

219

219

215

214

215

215

217

219

219

215

215

220

220

220

217

217

217

215

218

219

14.1

14.2

14.7

14.8

14.1

14.1

171

16.8

16.8

16.8

16.7

16.7

16.6

16.5

1.01

0.99

0.92

0.91

8.6

8.6

8.6

8.6

8.6

Opened water valve full
Opened slurry valve partially

Aborted run. Reset valves

CL p0s5.9d16 (totd @ 5.9 =
42)
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08:11
08:15

08:16
08:22
08:23
08:26
08:36
08:37
08:39
08:39
08:45
08:46
08:47
08:49
09:39
09:39
09:40
09:43
09:45
10:30
10:33
10:40
10:43
10:44
10:45
10:50
10:52
10:56
10:59
10:59
11:00
11:12
11:12
11:13
11:15
11:28
11:29
11:30
11:31
11:33
11:34
11:34
11:36
11:37
11:40
11:46
11:47
11:49
11:50
11:50
12:03
12:04
12:06
12:07
12:10
12:15
12:21
12:26
12:28
12:34
12:37
12:40
12:45
12:50
12:52
12:55
12:58
13:03
13:08
13:10
13:12
13:14
13:15
14:17
14:17
14:18
14:22
14:23
14:25
14:26
14:31
14:32
14:42

Tailings beach slope prediction

4.86

15.9

14.3

12.9

13.2

23

3.87

3.43

1.76

1.87

43

42.5

42

60

59

57.5

57.5

57.5

58

35.5

36.5

51
53
54

54

55

0.88

225

3.5

3.75

220

220

220

201

201

201

199

198

195

242

242

215

215

216

216

206

207

207

205

205

203

240

240

240

240

16.4

16.3

16.6

16.5

12.7

12.6

12.5

12.5

121

19.9

18.4

19.8

0.96

0.95

1.45

1.45

1.46

1.45

8.7

9.7

Sandy deposit. Not slimy.

Difficult to scrape channel
deposit

New flow regime

Closed tailings valve slightly

Reduced tailings further

Air temp = 37 deg
Slurry temp = 40 deg

New flow regime

More slurry, less water

Reduce water further

Reduce water further

Air temp = 40 deg

Tim Fitton
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10-Mar-05

Tailings beach slope prediction

14:43
14:44
14:45
14:55
14:58

15:05
15:10
15:12
15:18
15:20
15:21
15:23
15:30
15:32
15:34
15:47
15:47
15:48
15:49
15:51
15:52
15:53
15:59
16:03
16:04
16:04
16:05
16:15
06:28
06:33
06:40
06:43
06:45
07:25
07:28
07:30
07:33
07:35

07:39
07:43
07:44
07:45
07:47
07:54
07:55
07:58
08:00
08:03
08:09
08:09
08:10
08:11
08:13
08:13
08:14

08:15
08:34
08:35
08:35
08:41
08:43
08:45

08:46
08:50
08:55
08:56
08:59
09:03
09:05
09:07
09:10
09:14
09:16
09:20
09:22
09:25
09:29
09:32
09:33

09:45
09:56

1.87

1.89

2.7

2.05

1.82

1.46

7.59

7.57

7.32

54.5

55.5

50

53.5

53.5

53.5

51.5

52.5

50

50

52

52

4.25

4.75

525

3.5

243

243

243

244

245

245

245

246

244

244

215

213

241

240

240

241

241

241

241

242

240

240

214

214

19.8

20

19.9

20.1

201

20

20.1

20.2

20.3

20

15.1

1.28

1.27

1.33

1.4

14

1.4

1.41

1.37

1.17

1.09

1.24

8.8

8.8

9.3

Scraped out channel
CL pos5.9d12 (totd @ 5.9 =
24)

Measured gate leakage rates

Opened tailings valve

Closed tailings valve

CL p0s5.9d10 (totd @ 5.9 =
21)

Photographed channel on
stack

Low flow rate evidently blocks
up
New flow regime

Closed slurry valve partially
Closed water valve partially

Closed water valve further

CL pos5.9 d10 (tot d @ 5.9 =
48)

Tim Fitton




Appendices

279

11-Mar-05

Tailings beach slope prediction

09:56
10:03
10:05
10:05
10:06
10:08
10:09
11:06
11:06
11:08
11:15
11:20
11:31
11:36
11:40
11:41
11:44
11:50
11:57
11:58
12:04
12:08
12:10
12:11
12:20
12:21
12:23
12:26
12:34
12:34
12:35
12:38
12:44
12:45
12:46
12:53
12:56
12:58
13:04
14:00
14:48
14:50
15:00
15:31
15:35
15:40
15:42
15:44
15:50
16:03
16:05
16:07
16:20
16:21
16:25
16:30
16:30
16:38
16:40
16:45
16:45
16:54
16:54
16:57
17:07
17:07
17:12
17:14
17:15
17:16
17:19
17:20
17:29
17:29
17:30
06:05
06:10
06:30
07:05

07:10
07:35
07:36
07:50

7.45

7.48

7.43

7.65

2.69

9.73

9.1

8.5

17.2

16.2

50.5

52

52

525

29

56

54

53.5

53

63

56.5

1.25

210

213

209

202

212

213

210

210

211

211

209

208

212

214

211

203

213

214

211

211

212

212

212

209

210

14.8

14.2

14.9

143

14.7

14.8

14.9

14.8

14.1

14.2

14.1

1.29

1.21

1.21

1.21

1.21

1.14

1.15

1.15

8.7

8.6

Air temp 40 deg, very windy

Site ravaged by storm

Site hit by another storm
New flow regime

Closed water valve partially

Opened both valves more

Further adjusted valves

Water supply out. Pond empty.

Plant gate valve broken. Water
on.
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07:53
08:07
08:10
08:12
08:14
08:17
08:18

08:30
08:32
08:33
08:37
08:41
08:44
08:56
08:56
08:57
09:00
09:03
09:03
09:05
09:25
09:25
10:23
10:23
10:27
10:29
10:31
10:33
10:35
10:37
10:37
10:37
10:47
10:47
10:49
10:50
11:03
11:04
11:06
11:09
11:15
11:17
11:17
11:20
11:23
11:23
11:24
11:25
11:27
11:27
11:28
11:30
11:32
11:33
11:43
11:44
11:44
11:45
11:49
11:50
11:52
11:53
11:54
11:54
11:55
11:56
12:00
12:03
12:04
12:07
12:15
12:16
12:18
12:19
12:20
12:21
12:23
12:24
12:31
12:32
12:34
12:36
12:37

Tailings beach slope prediction

10.3

11.4

11.6

10.3

55

51

51

49

52

51

51

51

50.5

50.5

0.75

0.5

0.63

0.75

204

204

206

201

202

198

195

196

196

196

193

194

194

194

194

201

205

205

200

201

197

194

195

195

195

165

163

191

187

194

194

205

13.6

13.1

13.1

13.1

131

13.2

12.5

12.7

12.7

12.7

12.7

12.7

12.7

12.7

12.7

12.7

12.7

12.7

13.4

1.26

1.26

1.19

1.15

1.1

1.14

1.12

1.04

1.07

1.08

1.09

1.12

1.12

23

CL pos5.9 d10 (totd @ 5.9 =
59)

Sandy deposit, not slimy

New flow regime
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12-Mar-05

Tailings beach slope prediction

12:38
13:37
13:39
13:42
13:43
13:44
13:45
13:46
13:47
13:48
13:54
13:54
13:55
13:57
14:05
14:05
14:05
14:06
14:07
14:09
14:10
14:11
14:12
14:15
14:17
14:19
14:21
14:21
14:23
14:31
14:31
14:33
14:34
14:35
14:36
14:37
14:38
14:42
14:44
14:45
14:45
14:48
14:49
14:51
14:53
14:53
14:55
14:56
15:02
15:05
15:06
15:06
15:08
15:09
13:10
15:14
15:15
15:16
15:19
15:20
15:23
07:05
07:08
07:10
07:16
07:19
07:25
07:35
07:40
07:45
07:50
07:54
08:00
08:03
08:03
08:05
08:05
08:13
08:16
08:16
08:23
08:25
08:27
08:28

9.9

10.5

10.2

10.2

7.25

8.38

54

5.17

49

49.5

49

50

51

44.5

49

48.5

39.5

39.5

0.75

0.5

0.63

0.69

0.75

203

199

200

199

200

200

198

199

199

200

198

216

216

220

220

206

202

201

200

198

197

198

170

194

194

196

196

210

205

216

216

13.8

13.7

13.6

13.3

13.2

13.3

13.4

13.3

13.3

13.3

13.4

13.4

16.5

16.7

16.7

1.25

1.08

1.12

1.12

1.05

1.05

0.94

0.97

1.02

1.04

1.05

1.01

0.6

0.2

Sandy deposit, not slimy

Photographed channel d/s end

Photographed channel d/s end

Opened slurry valve more

Closed slurry valve partially

Closed slurry valve partially
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08:44
08:45

08:45
08:48
08:50
08:51
08:52
08:58
09:00
09:06
09:06
09:07
09:15
09:15
09:15
09:16
09:18
09:19
09:19
09:20
09:28
09:29
09:34
09:34
09:35
09:45
09:45
09:47
09:48
09:50
09:52
09:53
09:53
10:39
10:40
10:43
10:45
10:52
10:54
10:56
10:59
11:01
11:07
11:11
11:14
11:20
11:22
11:25
11:28
11:28

11:32
11:34
11:39
11:40
11:44
11:45
11:45
11:49
11:50
11:52
11:54
11:57
12:01
12:02
12:03
12:06
12:08
12:10
12:11
12:11
12:13
12:15
12:19
12:20
12:20
12:23
12:25
12:29
12:30
12:30
12:34
12:35
12:37

Tailings beach slope prediction

5.04

5.21

5.12

5.03

2.36

232

23

38.5

39

39.5

42

48

48.5

50

50

0.88

0.81

220

219

218

218

217

218

217

216

216

233

234

237

235

236

238

239

216

215

214

214

213

213

213

211

212

231

231

231

233

233

235

235

16.7

16.8

16.6

16.6

16.4

17.8

17.3

16.7

19.2

1.09

1.05

1.03

1.04

1.03

0.99

0.98

0.97

0.97

1.06

1.07

1.19

1.2

1.2

20

0.6

9.5

9.1

CL pos5.9 d10 (totd @ 5.9 =
47)

New flow regime

Closed both valves partially

CL pos5.9 d10 (totd @ 5.9 =
30)
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12:41
12:42
12:42
12:49
12:50
12:50
12:57
12:59
13:01
13:02
13:02
13:07
13:07
13:08
13:08
13:11
13:12
13:13
13:13
14:13
14:15
14:23
14:24
14:24
14:25
14:27
14:30
14:33
14:33
14:43
14:48
14:54
14:57
15:00
15:02
15:03
15:04
15:06
15:23
15:23
15:24
15:25
15:27
15:30
15:31
15:32
15:34
15:35
15:38
15:40
15:40
15:41
15:43
15:45
15:48
15:48
15:49
15:54
15:54
15:55
15:57
15:58
16:03
16:04
16:06
16:07
16:08
16:10
16:14
16:15
16:16
16:20
16:23
16:25
16:25
16:26
16:30
16:32
16:33
16:34
16:41
16:43
16:46
16:48

Tailings beach slope prediction

229

2.27

2.61

2.63

23

2.36

50

50

54

53.5

54.5

54.2

54

52.7

3.75

3.5

3.5

4.5

239

239

240

240

239

239

239

235

235

237

237

238

238

239

240

241

236

237

237

237

236

237

237

235

236

236

236

235

236

237

237

237

238

238

19.4

19.4

19.2

18.8

18.9

18.4

18.4

18.6

18.8

19.7

19.6

19.7

19.6

1.33

1.35

1.34

1.3

1.25

1.3

1.29

1.37

1.36

1.38

1.44

1.44

1.47

1.47

8.8

9.1

8.6

8.6

8.7

d ~ 5 highly turbulent

New flow regime

Air temp = 34.5 deg
Slurry temp = 42 deg
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13-Mar-05

Tailings beach slope prediction

16:49
16:50
16:51
16:51
06:25
06:30
06:38
06:45
06:48
06:54
06:57
06:58

07:08
07:09
07:10
07:14
07:15
07:20
07:22
07:25
07:26
07:26
07:27
07:29
07:30
07:31
07:31
07:41
07:42
07:42
07:47
07:49
07:52
07:53
07:55
07:57
07:58
07:59
07:59
08:01
08:02
08:06
08:08
08:09
08:11
08:12
08:18
08:19
08:20
08:20
08:26
08:28
08:30
08:31
08:31
08:33
08:39
08:40
08:41
08:42
08:43
08:47
08:49
08:49
08:53
08:55
08:58
08:58
08:59
09:00
09:56
09:56
09:57
10:00
10:05
10:07
10:11
10:15
10:16

10:21
10:24
10:24
10:28

4.42

4.29

4.13

4.01

4.18

2.08

2.04

42

46

47.5

47.3

47

47

49.5

0.5

0.75

0.88

0.94

240

228

227

226

224

224

224

221

223

224

224

224

224

224

224

237

237

237

223

222

222

218

219

219

191

214

218

219

219

219

219

219

233

234

19.4

17.2

16.9

16.9

16.8

16.8

16.8

16.8

16.9

16.9

16.9

16.9

16.8

18.7

18.6

1.53

1.06

1.05

0.99

0.97

0.66

0.45

0.87

0.91

0.96

0.95
0.97

0.96

1.08

25

75t00

0.7

Closed water valve partially

CL p0s5.9d10 (totd @ 5.9 =
37)

New flow regime

CL pos5.9 d10 (totd @ 5.9 =
28)
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14-Mar-05

Tailings beach slope prediction

10:29
10:31
10:32
10:34
10:38
10:38
10:39
10:50
10:51
10:52
10:56
10:58
11:00
11:01
11:01
11:02
11:05
11:06
11:10
11:10
11:20
11:20
11:25
11:27
11:29
11:30
11:31
11:32
11:35
11:36
11:36
11:37
11:38
11:46
11:47
11:48
11:52
11:54
11:55
11:55
11:58
11:59
12:01
12:04
12:04
12:05

12:11
12:30
12:55
12:56
12:57
07:10
07:12
07:14
07:19
07:21
07:25
07:28
07:28

07:39
07:41
07:41
07:42
07:45
07:51
07:51
07:52
07:54
07:58
08:00
08:01
08:01
08:03
08:05
08:07
08:08
08:09
08:13
08:15
08:18
08:18
08:20
08:22

1.91

215

1.97

8.32

5.84

5.63

5.5

51

51.5

53.2

53

53.2

54

56.5

54

53.7

53

4.5

4.75

25

3.5

4.5

242

242

241

242

241

241

242

242

223

223

226

227

229

229

237

237

237

238

238

238

239

238

238

223

223

225

225

228

228

19.9

19.6

201

19.9

19.7

19.6

19.5

20.1

20

16.2

16.8

17.4

17.2

1.09

1.29

1.28

1.31

1.4

1.41

1.37

1.38

1.33

1.36

1.53

1.46

1.66

8.9

8.8

8.9

8.5

8.6

Velocity profile x section at
9.35

Velocity profile x section at 9.5

CL p0s5.9 d10

Closed slurry valve partially

CL p0s5.9d10 (totd @ 5.9 =
40)
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08:27
08:28
08:50
08:51
08:52
08:53
08:54
08:55
09:00
09:02
09:03
09:04
09:04
09:11
09:11
09:24
09:25
09:26
09:27
09:28
09:31
09:33
09:34
09:36
09:37
09:37
09:40
09:41
09:45
09:47
09:49
09:55
09:57
10:00
10:02
10:02

10:05
11:22
11:25
11:28
11:29
11:29
11:30
11:35
11:37
11:38
11:39
11:48
11:49
11:50
11:55
11:56
11:56
11:59
12:02
12:03
12:04
12:04
12:05
12:06
12:08
12:08
12:09
12:18
12:19
12:23
12:25
12:30
12:31
12:32
12:33
12:36
12:38
12:39
12:40
12:48
12:48
12:49
12:54
12:56
13:00
13:00
13:01

Tailings beach slope prediction

5.49

10.5

10.7

10.6

10.8

10.1

53

54

59

58

58.5

59.5

57.5

58

3.75

25

3.5

230

228

228

227

225

225

205

196

208

212

215

214

222

207

209

210

211

228

227

226

225

226

212

212

215

218

220

218

216

214

215

215

217

17.3

171

16.9

16.7

16.8

16.8

13.5

13.5

13.6

13.3

14.5

13.7

14.1

14.1

1.65

1.6

1.58

1.56

1.43

1.45

1.62

1.6

1.59

1.5

1.53

1.6

1.57

0

0

1 8.5
10 8
0

4 8.4

New flow regime

Opened water valve slightly

CL p0s5.9d10 (totd @ 5.9 =
51)
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13:02
13:05
13:12
13:14
13:16
13:20
13:21
13:22
13:32
13:32
13:33
13:39
13:41
13:42
13:43
13:44
13:45
13:48
13:51
13:51
13:52
15:06
15:06
15:08
15:09
15:13
15:15
15:19
15:20
15:21
15:22
15:32
15:33
15:33
15:36
15:40
15:42
15:44
15:45
15:45
15:52
15:52
15:53
15:54
15:54
15:56
15:56
16:03
16:05
16:08
16:09
16:10
16:18
16:18
16:20
16:21
16:22
16:23
16:24
16:24
16:27
16:29
16:31
16:35
16:36
16:36
16:40
16:44
16:45
16:45
16:46
16:47
16:48
16:48
16:56
16:56
16:57
17:00
17:02
17:05
17:06
17:07
17:15
17:16

Tailings beach slope prediction

10.9

10.7

9.86

9.99

9.82

9.82

56

55.5

53

53.5

53

52.5

54.5

3.25

3.75

3.5

25

2.75

209

209

211

218

214

214

213

214

213

212

214

211

211

212

212

212

211

212

213

213

214

216

219

216

215

215

216

213

214

215

212

213

214

214

213

213

214

13.7

13.7

14.1

15.1

14.4

14.4

14.4

14.4

14.4

14.3

14.5

14.4

14.1

14.3

14.3

14.2

14.1

14.1

1.63

1.62

1.69

1.61

1.62

1.63

1.55

1.5

1.49

1.47

1.47

1.52

1.52

1.52

8.5

8.5

8.5

New flow regime
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15-Mar-05

Tailings beach slope prediction

17:18
17:19
17:25
06:50
06:55
07:03
07:07
07:08

07:20
07:25
07:26
07:28
07:32
07:42
07:44
07:50
07:51
07:55
08:00
08:00
08:10
08:11
08:14
08:20
08:25
08:25
08:27
08:34
08:36
08:39
08:41
08:41
08:43
08:46
08:52
08:53
08:55
09:58
09:59
10:00
10:02
10:05
10:07
10:13
10:13
10:19
10:26
10:26
10:34
10:36
10:37
10:39
10:50
10:56
11:00
11:25
11:40
13:32
13:34
13:37
13:41
13:42

13:55
13:59
14:00
14:00
14:03
14:04
14:12
14:13
14:13
14:16
14:18
14:23
14:24
14:25
14:27
14:30
14:35
14:35
14:36
14:43
14:51

19.1

19.2

17.5

17.3

2.58

19.8

23.5

21

59

59

60

60.5

60

61

62

25

275

3.25

1.75

185

186

190

190

190

192

193

198

192

194

194

193

171

175

175

179

178

197

197

200

200

199

202

203

203

203

205

205

184

184

188

188

192

193

10.1

10.1

10.2

10.6

10.5

10.7

8.7

8.7

8.8

8.8

8.9

1.53

1.4

1.52

1.47

1.52

1.59

1.58

1.31

1.3

1.31

1.31

1.38

79

7.8

7.9

CL pos5.9 d10 (totd @ 5.9 =
72)

New flow regime

Water cut off
Surveyed levels of flume. OK

CL p0s5.9d20 (totd @ 5.9 =
90)
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16-Mar-05

Tailings beach slope prediction

14:51
14:52
14:55
14:59
15:07
15:08
15:09
15:13
15:17
15:22
15:23
15:23
15:25
15:28
15:31
15:32
15:32
15:36
15:39
15:42
15:43
15:44
15:47
15:50
15:50
15:52
15:55
15:57
16:00
16:01
16:02
16:20
16:20
16:22
16:23
16:31
16:31
16:32
16:34
16:35
16:43
16:43
16:44
16:53
16:53
16:55
16:56
06:22
06:30
06:32
06:35
06:38
06:38
06:51
06:51
07:01
07:01
07:10
07:14
07:17
07:17
07:19
07:21
07:28
07:28
07:41
07:41
07:43
07:45
07:53
07:53
07:56
07:57
08:04
08:04

08:18
08:22
08:22
08:25
08:30
08:39
08:39
08:43

217

20

20.9

20.8

6.37

6.47

6.02

5.37

61

61

61.5

63.5

63.5

62.5

25

3.5

4.5

3.5

3.75

3.88

181

180

184

185

186

187

188

188

222

222

222

219

218

216

223

223

223

225

197

197

198

201

203

201

204

205

206

217

217

224

224

223

227

227

228

228

9.4

9.6

9.7

9.9

10.1

10.5

16.1

16.1

16.4

16.6

16.7

16.9

1.32

1.48

1.4

1.43

1.58

1.6

1.65

1.63

1.33

7.8

7.9

7.8

Probe lowered 10 mm more

Air temp 16 deg

CL p0s5.9d10 (totd @ 5.9 =
40)

Tim Fitton




Appendices

290

08:44
08:45
08:50
08:50
08:50
09:05
09:05
09:07
09:10
09:18
09:18
09:19
09:26
09:29
10:41
10:42
10:44
10:47
10:52
10:54
11:05
11:12
11:13
11:20
11:21
11:22

11:23
11:35
11:35
11:37
11:47
11:47
11:48
11:49
11:51
11:53
11:54
11:54
11:58
11:58
11:59

12:00
12:12
12:12
12:13
12:14
12:23
12:23
12:24
12:25
12:28
12:29
12:30
12:31
12:33
12:33
12:34
12:48
12:49
12:50
13:05
13:06
13:10
13:15
13:16
15:00
15:00
15:05
15:15
15:20
15:20
15:21
15:25
15:27
15:36
15:36
15:37
15:40
15:52
15:52
15:55
16:00
16:05

Tailings beach slope prediction

5.36

5.06

248

2.74

2.76

3.08

27

63

62

63.5

64.5

64

63.5

63.5

4.25

4.25

4.75

224

223

226

226

239

239

239

237

237

237

234

232

220

235

235

228

228

229

238

238

238

236

236

236

233

231

223

234

234

16.8

16.7

16.9

171

19.5

19.5

19.6

19.2

19.2

19.3

19.4

19.1

19.2

19.3

19.1

19.3

19.3

19.3

1.33

1.26

1.36

1.38

1.43

1.4

1.42

1.27

1.27
1.23

1.24

1.04

1.02

1.15

0.4

New flow regime

CL pos5.9 d10 (totd @ 5.9 =
23)

Checked u/s vs d/s marcy.
Same.

Viscous slow sublayer

Velocity profile x section at 5.9

Cresting behavior noted

Measured gate leakage rates
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17-Mar-05

Tailings beach slope prediction

16:07
16:09
16:09
16:10
16:40
16:40
16:42
16:43
16:46
16:46
16:47
16:56
16:58
17:00
17:08
17:08
17:10
06:37
06:39
06:44
06:59
07:00

07:06
07:10
07:12
07:19
07:21
07:23
07:24
07:24
07:28
07:34
07:41
07:41
07:42
07:57
07:57
07:58
08:03
08:06
08:07
08:09
08:09
08:11
08:12
08:14
08:14
08:15
08:30
08:30
08:31
08:43
08:45
08:47
08:48
08:48
08:50
08:53
08:56
08:58
09:01
09:03
09:07
09:15
09:16

09:17
10:35
10:35
10:38
10:41
10:46
10:48
10:49
10:52
10:53
10:54
11:05
11:06
11:07
11:13
11:15
11:17
11:19

2.79

10.7

10.6

10.7

7.19

7.03

717

64.7

63

63.5

64

63

64

64.5

65

4.5

3.5

3.75

4.5

236

236

235

235

210

207

209

210

211

210

209

209

222

221

218

218

218

235

235

234

234

215

213

215

216

217

216

215

215

225

224

221

221

221

19.4

19.4

19.2

14.2

13.8

14.1

14.2

14.1

16.3

16.1

15.9

1.25

1.21

1.21

1.38

1.38

1.42

1.52

1.49

1.46

1.45

1.4

1.33

1.37

1.37

55t02

CL p0s5.9d10 (totd @ 5.9 =
52)

New flow regime

Closed slurry valve partially

CL p0s5.9d10 (totd @ 5.9 =
41)
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11:20
11:25
11:27
11:29
11:33
11:33
11:34
11:49
11:49
11:50
12:06
12:07
12:08
12:09
12:12
12:14
12:14
12:15
12:18
12:20
12:35
12:35
12:36
12:47
12:48
12:49
12:51
12:53
12:55
12:55
12:56
12:59
13:01
13:05
13:15
13:15
13:18
13:21
13:27
13:28
13:28
14:33
14:33
14:38
14:39
14:40
14:42

7.96

7.37

62.5

65

65

3.5

25

275

216

215

215

211

208

204

202

213

202

218

217

216

213

212

213

209

208

216

206

15.8

15.7

15.5

15.5

15.8

16.1

16.1

15.7

1.35

1.27

1.27

1.28

1.2

1.2

1.18

1.06

1.03

1.1

1.04

4

Viscous bed layer

Viscous bed layer

Viscous bed layer

END OF SUNRISE DAM EXPERIMENTAL CAMPAIGN

Table 17. Detailed log of chronologically recorded data from the Sunrise Dam campaign

Tailings beach slope prediction
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Appendix B: Field flume experimental results - Particle

size data

This appendix contains all of the particle size distribution data that was generated from the Cobar and

Sunrise Dam experimental work.

Cobar Sample Register (with associated plots following)

Q

(IIs) | x Depth Date Time
1.93 0 | Top of flow 04-Jun-04 | 11:00
1.93 0 | Bottom of flow 04-Jun-04 | 11:00
1.93 | 4.5 | Top of flow 04-Jun-04 | 11:00
1.93 | 4.5 | Bottom of flow 04-Jun-04 | 11:00
1.93 9 | Top of flow 04-Jun-04 | 11:00
1.93 9 | Bottom of flow 04-Jun-04 | 11:00
7.3 0 | Top of flow 03-Jun-04 | 14:15
7.3 0 | Bottom of flow 03-Jun-04 | 14:15
7.3 | 4.5 | Top of flow 03-Jun-04 | 14:15
7.3 | 4.5 | Bottom of flow 03-Jun-04 | 14:15
7.3 9 | Top of flow 03-Jun-04 | 14:15
7.3 9 | Bottom of flow 03-Jun-04 | 14:15
15 0 | Top of flow 31-May-04 | 15:15
15 0 | Bottom of flow 31-May-04 | 15:15
15| 4.5 | Top of flow 31-May-04 | 15:15
15 4.5 | Bottom of flow 31-May-04 | 15:15
15 8 | Top of flow 31-May-04 | 15:15
15 8 | Bottom of flow 31-May-04 | 15:15
16.1 0 | Top of flow 02-Jun-04 | 11:10
16.1 0 | Bottom of flow 02-Jun-04 | 11:10
16.1 4.5 | Top of flow 02-Jun-04 | 11:10
16.1 4.5 | Bottom of flow 02-Jun-04 | 11:10
16.1 9 | Top of flow 02-Jun-04 | 11:10
16.1 9 | Bottom of flow 02-Jun-04 | 11:10
19 0 | Top of flow 30-May-04 | 17:30
19 0 | Bottom of flow 30-May-04 | 17:30
19| 4.5 | Top of flow 30-May-04 | 17:30
19 | 4.5 | Bottom of flow 30-May-04 | 17:30
19 9 | Top of flow 30-May-04 | 17:30
19 9 | Bottom of flow 30-May-04 | 17:30

x = Distance from downstream end of flume (m)
Table 16. Summary of fluid samples extracted from the flume during the Cobar experimental
campaign for particle size distribution analysis
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100
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Undersize (%)

40
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20

Cobar: Q=1.93 l/s, Cw = 45.8% wiw

Upstream, Bottom

= = = Upstream, Surface
Midway, Bottom

= = = Midway, Surface
Downstream, Bottom
= = = Downstream, Surface
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1 10 100 1000
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Figure 142. Particle size distribution curves for 6 fluid samples extracted from various points in
the field flume during the Cobar experiments, with a flow rate of 1.93 I/s and concentration of

45.8% w/w
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50

Undersize (%)

30

20 -

Cobar: Q=7.3 /s, Cw = 53.3% w/w
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= = = Upstream, Surface
Midway, Bottom

= = = Midway, Surface
Downstream, Bottom
= = = Downstream, Surface

0.1

1 10 100 1000
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Figure 143. Particle size distribution curves for 6 fluid samples extracted from various points in
the field flume during the Cobar experiments, with a flow rate of 7.3 I/s and concentration of

53.3% wiw
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Cobar: Q=151/s, Cw = 55.5% wiw

100
90
80
70 -
Upstream, Bottom
= = = Upstream, Surface
;\7; 60 | Midway, Bottom
E = = = Midway, Surface
@ 50 Downstream, Bottom
g = = = Downstream, Surface
S a0 f
30 F
20 |
10 b
0.1 1 10 100 1000

Particle size (micron)

Figure 144. Particle size distribution curves for 6 fluid samples extracted from various points in
the field flume during the Cobar experiments, with a flow rate of 15 I/s and concentration of
55.5% wiw

Cobar: Q=16.11l/s, Cw = 57.7% wiw

100 -
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Upstream, Bottom
60 [ = = = Upstream, Surface
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_g = = = Midway, Surface
g 50 Downstream, Bottom
g = = = Downstream, Surface
40
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0 )
0.1 1 10 100 1000

Particle size (micron)

Figure 145. Particle size distribution curves for 6 fluid samples extracted from various points in
the field flume during the Cobar experiments, with a flow rate of 16.1 /s and concentration of
57.7% wiw
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Cobar: Q=19 /s, Cw = 55% wiw

100
% |
80 [
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° t - - = Midway, Surface
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Figure 146. Particle size distribution curves for 6 fluid samples extracted from various points in
the field flume during the Cobar experiments, with a flow rate of 19 I/s and concentration of 55%
w/w
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Sunrise Dam particle size distribution data
Sample
No. Position Depth Date Time Comments
1 | Plunge Box | - 03-Mar-05 | 07:25 | Flow 16.5 I/s, Slope 3.25%, Conc. 62.5%
2 8.2 75 03-Mar-05 | 07:25
3 8.2 10 03-Mar-05 | 07:25
4 4.9 10 03-Mar-05 | 07:25
5 4.9 65 03-Mar-05 | 07:25
6 1.6 65 03-Mar-05 | 07:25
7 1.6 10 03-Mar-05 | 07:25
8 8.2 10 04-Mar-05 | 08:53 | Flow 7.9 I/s, Slope 3.5%, Conc. 62%
9 8.2 | Bottom 04-Mar-05 | 08:55
10 4.9 10 04-Mar-05 | 08:57
11 4.9 | Bottom 04-Mar-05 | 08:59
12 | Plunge Box | - 04-Mar-05 | 09:01
13 1.5 10 04-Mar-05 | 09:02
14 1.5 | Bottom 04-Mar-05 | 09:04
15 | Plunge Box | - 04-Mar-05 | 12:34 | Flow 5 I/s, Slope 3.9%, Conc. 61%
16 5 10 04-Mar-05 | 12:36
17 1 10 04-Mar-05 | 12:38
18 8.2 10 05-Mar-05 14:50 | Flow 16.2 /s, Slope 1.5%, Conc. 55.5%
19 8.2 | Bottom 05-Mar-05 | 14:53
20 3.2 | Bottom 05-Mar-05 | 14:56
21 3.2 10 05-Mar-05 | 14:58
22 8.2 10 05-Mar-05 | 16:00 | Flow 16.3 I/s, Slope 1.63%, Conc. 56%
23 8.2 | Bottom 05-Mar-05 16:00
24 3.2 10 05-Mar-05 | 16:00
25 3.2 | Bottom 05-Mar-05 16:00
26 | Plunge Box | - 06-Mar-05 | 08:59 | Flow 6.7 I/s, Slope 0.93%, Conc. 44%
27 8.2 10 06-Mar-05 | 09:00
28 8.2 | Bottom 06-Mar-05 | 09:01
29 55 10 06-Mar-05 | 09:04
30 5.5 | Bottom 06-Mar-05 | 09:05
31 3.2 10 06-Mar-05 | 09:08
32 3.2 | Bottom 06-Mar-05 | 09:10
33 | Plunge Box | - 07-Mar-05 | 12:02 | Flow 3.9 I/s, Slope 1.0%, Conc. 50%
34 8.2 10 07-Mar-05 | 12:04
35 8.2 | Bottom 07-Mar-05 | 12:05
36 | Plunge Box | - 08-Mar-05 | 11:24 | Flow 10.7 I/s, Slope 2.5%, Conc. 56%
37 8.2 10 08-Mar-05 | 11:26
38 8.2 | Bottom 08-Mar-05 | 11:28
39 3.2 10 08-Mar-05 | 11:30
40 3.2 | Bottom 08-Mar-05 11:32
"Position" indicates the distance from the downstream end of the flume (m)
Table 17. Summary of fluid samples extracted from the flume during the Sunrise Dam
experimental campaign for particle size distribution analysis
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Sunrise Dam Flow Regime 1: 16.5 I/s, 3.25% slope, 62.5% conc.

100
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70 +
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Figure 147. Particle size distribution curves for 7 fluid samples extracted from various points in
the field flume during “Flow regime 1” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 2: 7.9 I/s, 3.5% slope, 62% conc.

100
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Figure 148. Particle size distribution curves for 7 fluid samples extracted from various points in
the field flume during “Flow regime 2” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 3: 5 I/s, 3.9% slope, 61% conc.
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Figure 149. Particle size distribution curves for 3 fluid samples extracted from various points in
the field flume during “Flow regime 3” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 4: 16.2 I/s, 1.5% slope, 55.5% conc.
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Figure 150. Particle size distribution curves for 4 fluid samples extracted from various points in
the field flume during “Flow regime 4” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 5: 16.3 I/s, 1.63% slope, 56% conc.
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Figure 151. Particle size distribution curves for 4 fluid samples extracted from various points in
the field flume during “Flow regime 5” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 6: 6.7 I/s, 0.93% slope, 44% conc.
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Figure 152. Particle size distribution curves for 7 fluid samples extracted from various points in
the field flume during “Flow regime 6” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 7: 3.9 I/s, 1.0% slope, 50% conc.
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Figure 153. Particle size distribution curves for 3 fluid samples extracted from various points in
the field flume during “Flow regime 7” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 8: 10.7 I/s, 2.5% slope, 56% conc.
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Figure 154. Particle size distribution curves for 5 fluid samples extracted from various points in
the field flume during “Flow regime 8” of the Sunrise Dam experiments
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1000

Sunrise Dam Flow Regime 1: Statistics comparison

100

@ Plunge Box
m Upstream, bottom

0O Upstream, surface
m Midway, bottom
0O Midway, surface

10

Particle size (micron)

@ Downstream, bottom

@ Downstream, surface

10 percentile median 90 percentile

Statistic

Figure 155. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 1” of the Sunrise Dam experiments
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Figure 156. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 2” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 3: Statistics comparison
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Figure 157. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 3” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 4: Statistics comparison
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Figure 158. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 4” of the Sunrise Dam experiments
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1000

Sunrise Dam Flow Regime 5: Statistics comparison
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Figure 159.

Comparison of 3 particle size statistics at various points in the flume during “Flow

regime 5” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 6: Statistics comparison
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Figure 160.

Comparison of 3 particle size statistics at various points in the flume during “Flow

regime 6” of the Sunrise Dam experiments
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Sunrise Dam Flow Regime 7: Statistics comparison
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Figure 161. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 7” of the Sunrise Dam experiments

Sunrise Dam Flow Regime 8: Statistics comparison
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Figure 162. Comparison of 3 particle size statistics at various points in the flume during “Flow
regime 8” of the Sunrise Dam experiments
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Appendix C: Field flume experimental results —
Velocity and concentration profiles

The following profiles are based on data that was recorded at Sunrise Dam. No profiles are presented
here from the Cobar experimental campaign, as they are already presented in Behnam Pirouz’s thesis

(Pirouz 2006).

A. Velocity profile cross section at CL position 6; 23rd Feb, 16:10 pm. Q~ 7 I/s

Velocity (m/s)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Depth (mm)
W NN o
o [&)] o ()] o

w
[4)]

40

Figure 163. Velocity profile cross section at CL position 6; 23rd Feb, 16:10 pm. Q ~7 l/s

B. Velocity profile cross section at CL position 6.1; 24th Feb, 08:40. Q ~4.51/s

Velocity (m/s)
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o
©
N
o
N
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Figure 164. Velocity profile cross section at CL position 6.1; 24th Feb, 08:40. Q ~4.51/s
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C. Velocity profile cross section at position 6.1; 24th Feb. 12:17. Q ~ 5.2 /s
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Figure 165. Velocity profile cross section at position 6.1; 24th Feb. 12:17. Q ~5.2 I/s

D. Velocity profile cross section at position 4.7; 25th Feb, 11:25. Q ~ 2.3 I/s
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Figure 166. Velocity profile cross section at position 4.7; 25th Feb, 11:25. Q ~2.3 I/s
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E. Velocity profile cross section at position 4.7; 26th Feb, 12:03. Q ~ 3 I/s

Velocity (m/s)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0

R Depth 0
g = Depth 5
5 4 Depth 10
g = Depth 15
3 + Depth 20
e Depth 23

Figure 167. Velocity profile cross section at position 4.7; 26th Feb, 12:03. Q ~3 I/s

F. Velocity profile cross section at position 7.5; 26th Feb, 12:48. Q ~ 3 I/s
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Figure 168. Velocity profile cross section at position 7.5; 26th Feb, 12:48. Q ~3 I/s
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G. Velocity profile cross section at position 4.7; 27th Feb, 10:10. Q ~ 17.6 I/s
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Figure 169. Velocity profile cross section at position 4.7; 27th Feb, 10:10. Q ~17.6 I/s

H. Deposition and surface long section profiles; 27th Feb, 11:25. Q ~ 18 I/s
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Figure 170. Deposition and surface long section profiles; 27th Feb, 11:25. Q ~ 18 U/s. “Position”
denotes the distance from the downstream end of the flume (in metres)
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I. Long Section CL velocity profile; 3rd Mar, 9:00. Q ~ 17.6 I/s
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Figure 171. Long Section CL velocity profile; 3rd Mar, 9:00. Q ~17.6 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)

J. Long Section CL welocity profile; 3rd Mar, 11:39. Q ~ 13.5I/s
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Figure 172. Long Section CL velocity profile; 3rd Mar, 11:39. Q ~13.5 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)
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K. Long section depth profile; 3rd Mar, 12:20. Q ~ 13.5 /s
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Figure 173. Long section depth profile; 3rd Mar, 12:20. Q ~13.5 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)

L. Long Section CL velocity profile; 4th Mar, 8:47. Q ~ 8 I/s
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Figure 174. Long Section CL velocity profile; 4th Mar, 8:47. Q ~ 8 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)
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M. Flume long section surface profile; 4th Mar, 8:06. Q ~ 8.3 I/s
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Figure 175. Flume long section surface profile; 4th Mar, 8:06. Q ~ 8.3 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)

N. Long Section CL velocity profile; 4th Mar, 11:54. Q ~ 5 I/s
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Figure 176. Long Section CL velocity profile; 4th Mar, 11:54. Q ~5 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)
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P. Long Section CL welocity profile; 6th Mar, 7:59. Q ~ 6.5 I/s
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Figure 177. Long Section CL velocity profile; 6th Mar, 7:59. Q ~ 6.5 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)

Q. Long Section CL velocity profile; 6th Mar, 8:46. Q ~ 6.7 I/s
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Figure 178. Long Section CL velocity profile; 6th Mar, 8:46. Q ~ 6.7 I/s. “Position” denotes the
distance from the downstream end of the flume (in metres)
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W. Velocity profile cross section at CL position 9.35; 13th Mar, 12:11. Q~ 2/s
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Figure 179. Velocity profile cross section at CL position 9.35; 13th Mar, 12:11. Q ~2 l/s

X Velocity profile cross section at CL position 9.5; 13th Mar, 12:30. Q ~ 2 I/s
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Figure 180. Velocity profile cross section at CL position 9.5; 13th Mar, 12:30. Q ~2 I/s
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Y. Velocity profile cross section at CL position 5.9; 16th Mar, 13:16. Q ~ 2.8 I/s
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Figure 181. Velocity profile cross section at CL position 5.9; 16th Mar, 13:16. Q ~ 2.8 I/s
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Appendix D: Aerial survey data

Figure 182. Sunrise Dam stack contour plan, based on survey done on 31* December 2004.
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Appendix E: Historic tailings discharge data for

Sunrise Dam stack

The following table of data was provided by AngloGold Ashanti, the operators of the Sunrise Dam gold

mine. It contains the daily total number of dry tonnes of ore that has been processed by the mill, and

the average tailings slurry concentration for every day between the 1% December, 2001 and the 31*

December, 2004. On both of these dates an aerial survey of the stack was conducted.

Table 18. Historic dail

averaged tailings discharge data for the Sunrise Dam stack

Date Dry | TAILS Tails Tails Tails Q
Tonnes % Flowrate | density | Flowrate (I/s)
Solids |(meant/h| (t/m®) | (mean
by | of slurry) m’/h of
weight slurry)
01-Dec-01 9716 60| 675 1.769401| 381.3141| 105.9206
02-Dec-01 9415 61 648 1.778754| 364.0848| 101.1347
03-Dec-01 9768 59| 685 1.760565| 388.8416| 108.0116
04-Dec-01 9675 58| 690 1.743729| 395.8716| 109.9643
05-Dec-01 9211 59| 648 1.756828| 368.8812| 102.467
06-Dec-01 9780 60| 685 1.761298| 388.8457| 108.0127
07-Dec-01 9679 60| 674 1.767368| 381.121| 105.8669
08-Dec-01 9601 58| 686 1.742149| 393.8535| 109.4038
09-Dec-01 8995 58| 652 1.729613| 376.8573| 104.6826
10-Dec-01 9644 59| 682 1.751816| 389.3719| 108.1589
11-Dec-01 8337 58| 601 1.734292| 346.5337| 96.25936
12-Dec-01 3782 58| 273 1.734292| 157.2186| 43.67183
13-Dec-01 8486 59| 597 1.756828| 339.8371| 94.39918
14-Dec-01 9780 58| 698 1.743992( 399.9982| 111.1106
15-Dec-01 7998 61 547 1.784177| 306.6971| 85.19365
16-Dec-01 9339 60| 646 1.773027| 364.4511| 101.2364
17-Dec-01 9365 61 644 1.779823| 361.5711| 100.4364
18-Dec-01 9455 63| 625 1.819633| 343.663| 95.46194
19-Dec-01 9515 61 650 1.785834| 363.9464| 101.0962
20-Dec-01 9498 62| 634 1.810117| 350.1265| 97.25736
21-Dec-01 9439 63| 629 1.811839| 347.0378| 96.39938
22-Dec-01 9942 60| 692 1.767775| 391.2055| 108.6682
23-Dec-01 9568 58| 688 1.736001| 396.5623| 110.1562
24-Dec-01 9393 60| 650 1.772664| 366.7534| 101.876
25-Dec-01 9327 58| 676 1.729613| 390.7609| 108.5447
26-Dec-01 8853 60| 619 1.762195| 351.4663| 97.62953
27-Dec-01 9196 59| 655 1.745311| 375.2891| 104.247
28-Dec-01 9632 58| 689 1.740922| 395.9406| 109.9835
29-Dec-01 9842 57 717 1.724442| 415.992| 115.5533
30-Dec-01 8522 58| 616 1.73117| 356.1098| 98.91938
31-Dec-01 9858 57 717 1.725732| 415.7533| 115.487
01-Jan-02| 9770 59| 690 1.753268| 393.5318| 109.3144
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02-Jan-02 9581 59 675 1.754868| 384.9117| 106.9199
03-Jan-02 9742 59 693 1.746192| 396.9765( 110.2712
04-Jan-02 9676 59 689 1.745311| 394.8667| 109.6852
05-Jan-02 9725 58 698 1.738736| 401.2322| 111.4534
06-Jan-02 9759 58 700 1.738855| 402.5664 111.824
07-Jan-02 9717 56 725 1.704066| 425.5265| 118.2018
08-Jan-02 9879 58 707 1.74136| 405.7935| 112.7204
09-Jan-02 9577 61 659 1.77895| 370.2616| 102.8504
10-Jan-02 9776 62 662 1.794166| 369.1678| 102.5466
11-Jan-02 9663 62 653 1.796451| 363.6256| 101.0071
12-Jan-02 9871 63 657 1.812486| 362.5726| 100.7146
13-Jan-02 9937 63 659 1.816768| 362.7163| 100.7545
14-Jan-02 9856 61 669 1.792493| 373.1477| 103.6521
15-Jan-02 9839 60 679 1.776211| 382.0071( 106.1131
16-Jan-02 9856 59 693 1.758077| 393.9294| 109.4248
17-Jan-02 9964 59 699 1.759686| 397.2014| 110.3337
18-Jan-02 9544 63 633 1.816196| 348.6652| 96.85144
19-Jan-02 9761 64 640 1.82925| 349.8345| 97.17626
20-Jan-02 9914 62 670 1.79696| 372.7684| 103.5468
21-Jan-02 9833 63 654 1.813911| 360.448| 100.1244
22-Jan-02 9790 62 659 1.800887| 365.9227| 101.6452
23-Jan-02 8432 62 563 1.808934| 311.361| 86.48918
24-Jan-02| 10502 61 719 1.784177| 402.7168| 111.8658
25-Jan-02( 10471 61 714 1.787494| 399.4785( 110.9662
26-Jan-02 9738 61 661 1.792493| 368.675| 102.4097
27-Jan-02 9679 61 662 1.784177| 371.1542( 103.0984
28-Jan-02 9898 57 720 1.726507| 416.899| 115.8053
29-Jan-02 9098 63 602 1.819633| 330.6801| 91.85559
30-Jan-02 1923 1.14 0 0
31-Jan-02 8065 66 510 1.870775| 272.6359| 75.73221
01-Feb-02 9835 63 655 1.812771| 361.1274( 100.3132
02-Feb-02| 10095 61 687 1.789157| 384.1531| 106.7092
03-Feb-02| 10047 62 674 1.804113| 373.6936| 103.8038
04-Feb-02 9992 61 681 1.788207| 380.7938| 105.776
05-Feb-02| 10161 60 707 1.767775| 399.8266| 111.063
06-Feb-02| 10057 60 698 1.769401| 394.729| 109.6469
07-Feb-02 9638 59 682 1.751272| 389.4844| 108.1901
08-Feb-02 7857 59 560 1.745311| 320.6484| 89.06901
09-Feb-02 9918 58 707 1.744592| 405.2184( 112.5607
10-Feb-02 9719 58 699 1.736001| 402.8184| 111.894
11-Feb-02 9792 59 693 1.751937| 395.2773| 109.7992
12-Feb-02 9914 60 694 1.762031| 393.7151| 109.3653
13-Feb-02 9528 62 645 1.794927| 359.3806| 99.82794
14-Feb-02 9788 60 685 1.762031| 388.7032| 107.9731
15-Feb-02 9964 59 700 1.758613| 397.8791| 110.522
16-Feb-02 9910 60 691 1.76534| 391.4704| 108.7418
17-Feb-02 9821 61 674 1.781697| 378.0684| 105.019
18-Feb-02 9424 62 637 1.796261| 354.7244| 98.53454
19-Feb-02 9799 61 670 1.784453| 375.6038| 104.3344
20-Feb-02 9699 60 670 1.775342| 377.1132| 104.7537
21-Feb-02 9831 58 701 1.744592| 401.6795| 111.5776
22-Feb-02 9841 61 671 1.787217| 375.6035| 104.3343
23-Feb-02 9857 62 665 1.799202| 369.3602| 102.6001
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24-Feb-02 9900 62 663 1.805653| 367.3837| 102.051
25-Feb-02 9492 60 656 1.773853| 369.9374| 102.7604
26-Feb-02 9929 59 701 1.753268| 399.9501| 111.0973
27-Feb-02 9742 59 688 1.753268| 392.4218| 109.0061
28-Feb-02 9628 59 681 1.751816| 388.7533| 107.987
01-Mar-02 9347 60 649 1.769401| 366.8361| 101.8989
02-Mar-02 9770 62 659 1.798361| 366.5982| 101.8328
03-Mar-02 9645 62 649 1.80104| 360.4137| 100.1149
04-Mar-02 9772 61 669 1.784328| 374.6551| 104.0709
05-Mar-02 9749 60 682 1.762913| 386.6066| 107.3907
06-Mar-02 9517 61 652 1.782523| 365.8773| 101.6326
07-Mar-02 8618 61 589 1.785834| 329.6299| 91.56387
08-Mar-02 9819 62 658 1.805961| 364.2177| 101.1716
09-Mar-02 9760 60 679 1.768046| 383.8928| 106.6369
10-Mar-02 9876 62 661 1.807659| 365.3901| 101.4972
11-Mar-02 9913 61 680 1.781322| 381.8367| 106.0658
12-Mar-02 9974 63 663 1.814482| 365.3005( 101.4724
13-Mar-02 9768 62 658 1.800887| 365.0981| 101.4161
14-Mar-02 9505 63 632 1.813393| 348.659| 96.84974
15-Mar-02 9777 64 639 1.832243| 348.8881| 96.91335
16-Mar-02 9780 65 628 1.853111| 338.7651| 94.10141
17-Mar-02| 10043 63 668 1.813911| 368.138| 102.2606
18-Mar-02| 10051 62 675 1.802575| 374.7151| 104.0875
19-Mar-02 9987 61 686 1.780872| 384.9501| 106.9306
20-Mar-02 9943 60 685 1.776667| 385.7808| 107.1613
21-Mar-02| 10117 61 686 1.793405| 382.4788( 106.2441
22-Mar-02 9914 60 684 1.775938| 385.111| 106.9753
23-Mar-02 8584 61 588 1.783468| 329.5307| 91.53631
24-Mar-02| 10833 60 747 1.776211| 420.6237| 116.8399
25-Mar-02| 10453 60 722 1.774299| 407.0808| 113.078
26-Mar-02 9167 64 600 1.831185| 327.6237| 91.00658
27-Mar-02 2861 60 199 1.769401| 112.2869| 31.1908
28-Mar-02 9587 59 674 1.757848| 383.3169| 106.4769
29-Mar-02 9252 60 644 1.766446| 364.8462( 101.3462
30-Mar-02 8627 62 578 1.806338| 319.8193| 88.8387
31-Mar-02 9276 62 623 1.802575| 345.8351| 96.0653
01-Apr-02 9185 61 629 1.783074 352.81( 98.00277
02-Apr-02 9589 62 643 1.804113| 356.6782| 99.07729
03-Apr-02 9435 61 647 1.782523| 362.7374| 100.7604
04-Apr-02 9900 63 657 1.815338| 362.1303| 100.5918
05-Apr-02 9402 62 633 1.801168| 351.2579| 97.57164
06-Apr-02 9350 61 634 1.793405| 353.4853| 98.19037
07-Apr-02 9526 62 641 1.80104| 355.9924| 98.88677
08-Apr-02 9609 63 637 1.817913| 350.1296| 97.25821
09-Apr-02 9092 61 618 1.79138| 344.7912| 95.77534
10-Apr-02 5321 62 358 1.802575| 198.3942| 55.1095
11-Apr-02 9745 59 688 1.753268| 392.5381| 109.0384
12-Apr-02 9537 56 713 1.702055| 419.1481 116.43
13-Apr-02 9063 59 640 1.753268| 365.0706| 101.4085
14-Apr-02 9357 55 711 1.688873| 421.1299| 116.9805
15-Apr-02 9329 57 679 1.725302| 393.7302| 109.3695
16-Apr-02 9249 58 664 1.737427| 382.4353| 106.232
17-Apr-02 9234 60 644 1.764762| 365.1193| 101.422
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18-Apr-02 8805 59 618 1.758613| 351.5901| 97.66391
19-Apr-02 9287 60 643 1.772664| 362.6182( 100.7273
20-Apr-02 9304 60 649 1.764972| 367.7395| 102.1499
21-Apr-02 9464 60 662 1.762913| 375.319| 104.2553
22-Apr-02 9587 59 677 1.753268| 386.1712| 107.2698
23-Apr-02 9462 60 655 1.772367| 369.6019| 102.6672
24-Apr-02 9825 60 680 1.772367| 383.8099| 106.6139
25-Apr-02 8302 59 584 1.757274| 332.2374| 92.28816
26-Apr-02 9468 62 637 1.800887| 353.8752| 98.29867
27-Apr-02 9752 61 667 1.784328| 373.886| 103.8572
28-Apr-02 9897 59 700 1.751816| 399.6082| 111.0023
29-Apr-02 8458 60 583 1.776407| 328.3105( 91.19737
30-Apr-02 8736 60 610 1.764762 345.42( 95.95001

01-May-02 8179 60 570 1.766151| 322.6581| 89.62725
02-May-02 9128 61 629 1.77758| 353.6518| 98.23661
03-May-02 9300 60 647 1.767078| 366.3675| 101.7688
04-May-02 8774 58 632 1.735684| 363.8591| 101.072
05-May-02 9457 58 674 1.744432| 386.4874| 107.3576
06-May-02 9983 58 718 1.736001| 413.7843| 114.9401
07-May-02 9935 60 688 1.772664| 387.9254| 107.7571
08-May-02 8353 59 589 1.755046| 335.4859| 93.19053
09-May-02 8754 58 626 1.742149| 359.1355| 99.75987
10-May-02 8626 56 645 1.702809| 378.5864| 105.1629
11-May-02 8438 59 594 1.756471| 338.1017( 93.91713
12-May-02 8195 61 563 1.780323| 316.1659| 87.82387
13-May-02 8412 60 581 1.774845| 327.3272| 90.92423
14-May-02 8409 62 563 1.806809| 311.5245| 86.53459
15-May-02 3692 58 267 1.732209| 153.999| 42.77749
16-May-02 9393 61 642 1.785834| 359.2812| 99.80034
17-May-02 8855 61 604 1.787679| 337.7466| 93.81849
18-May-02 9286 62 629 1.794927| 350.2469( 97.29079
19-May-02 9086 60 632 1.767594| 357.623| 99.33973
20-May-02 9599 61 660 1.779636| 370.6986| 102.9718
21-May-02 9557 60 669 1.761298| 379.9606| 105.5446
22-May-02 9585 59 677 1.753268| 386.0975| 107.2493
23-May-02 9814 57 719 1.720468| 417.6373| 116.0104
24-May-02| 10008 61 688 1.77895| 386.9348| 107.4819
25-May-02| 10101 60 697 1.775342| 392.7396| 109.0943
26-May-02 9451 60 653 1.773853| 368.3283| 102.3134
27-May-02 9286 61 637 1.782156| 357.2043| 99.22342
28-May-02 9782 59 690 1.754868| 392.9766| 109.1602
29-May-02 9533 60 666 1.7635| 377.6906| 104.9141
30-May-02 9179 60 636 1.771031| 359.3272( 99.8131
31-May-02| 10188 61 701 1.778327| 394.2759| 109.5211
01-Jun-02| 10245 61 698 1.788855| 390.0504| 108.3473
02-Jun-02 9914 62 670 1.796451| 373.0792| 103.6331
03-Jun-02 9502 60 661 1.768046| 373.723| 103.8119
04-Jun-02 9858 61 678 1.779225| 380.9595| 105.8221
05-Jun-02 9487 62 634 1.808225| 350.7224| 97.42288
06-Jun-02| 10023 61 680 1.792772| 379.2882( 105.3578
07-Jun-02 9656 61 658 1.788855| 367.5943| 102.1095
08-Jun-02 9839 61 670 1.789157| 374.3871| 103.9964
09-Jun-02| 10320 61 703 1.789157| 392.719| 109.0886
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10-Jun-02| 10694 62 723 1.796451| 402.4187| 111.783
11-Jun-02| 10520 61 716 1.789157| 400.3006( 111.1946
12-Jun-02| 10123 61 694 1.782824| 389.0237( 108.0621
13-Jun-02( 10030 59 707 1.754723| 403.0465| 111.9574
14-Jun-02 9790 60 681 1.767594| 385.3469| 107.0408
15-Jun-02 9495 60 656 1.774299| 369.7822| 102.7173
16-Jun-02 9793 60 679 1.771031| 383.3673| 106.4909
17-Jun-02 9817 60 682 1.769401| 385.2725| 107.0201
18-Jun-02 9277 61 632 1.787679| 353.8086| 98.28018
19-Jun-02 9375 60 648 1.773481| 365.5761| 101.5489
20-Jun-02| 10133 61 698 1.77758| 392.5794| 109.0498
21-Jun-02 9825 59 697 1.748919| 398.5897( 110.7194
22-Jun-02 9853 61 674 1.783993| 377.9286| 104.9802
23-Jun-02 9552 60 669 1.761298| 379.765| 105.4903
24-Jun-02( 10321 59 726 1.757639| 412.8045( 114.6679
25-Jun-02| 10462 62 708 1.795096| 394.4983| 109.5829
26-Jun-02 9988 61 681 1.787494| 381.0601 105.85
27-Jun-02 9785 60 676 1.774299| 381.0552| 105.8487
28-Jun-02| 10080 60 701 1.767594| 396.7447( 110.2069
29-Jun-02 9886 61 681 1.77758| 383.0332| 106.3981
30-Jun-02| 10027 60 696 1.769401| 393.5434| 109.3176
01-Jul-02 9818 58 703 1.740922| 403.6101( 112.1139
02-Jul-02 9215 60 640 1.769401| 361.6634| 100.462
03-Jul-02 0 1.14 0 0
04-Jul-02 8826 61 608 1.77758| 341.9392| 94.98311
05-Jul-02 9403 59 661 1.757848| 375.9605| 104.4335
06-Jul-02 9376 59 665 1.749281| 380.1273| 105.5909
07-Jul-02 9005 61 618 1.781697| 346.6471| 96.29086
08-Jul-02 9014 61 616 1.785834| 344.7871| 95.77421
09-Jul-02 9240 61 627 1.793236| 349.4078| 97.05773
10-Jul-02 9505 61 652 1.782156| 365.6286| 101.5635
11-Jul-02 9693 59 681 1.758613| 387.0731| 107.5203
12-Jul-02 7363 61 501 1.78999| 279.843| 77.73417
13-Jul-02 9281 60 641 1.774065| 361.5942( 100.4428
14-Jul-02 9744 60 682 1.762195| 386.8683| 107.4634
15-Jul-02 9938 59 704 1.750077| 402.3798( 111.7722
16-Jul-02| 10233 60 714 1.764972| 404.4631| 112.3509
17-Jul-02 9615 60 663 1.775938| 373.498| 103.7494
18-Jul-02| 10762 60 754 1.761298| 427.8925( 118.859
19-Jul-02 3940 54 307 1.669543| 183.8054| 51.05705
20-Jul-02| 10121 59 711 1.758077| 404.5129( 112.3647
21-Jul-02| 10067 59 705 1.760565| 400.7189| 111.3108
22-Jul-02 9590 59 673 1.759283| 382.5252| 106.257
23-Jul-02 9708 58 693 1.743333 397.48( 110.4111
24-Jul-02 9907 58 712 1.737427| 409.6435| 113.7899
25-Jul-02| 10159 58 733 1.732953| 423.2356( 117.5654
26-Jul-02 8938 53 701 1.664382| 421.0598| 116.961
27-Jul-02 8726 58 628 1.735187| 362.146| 100.5961
28-Jul-02 9560 58 692 1.73117| 399.4713| 110.9642
29-Jul-02| 10155 59 712 1.759686| 404.7984| 112.444
30-Jul-02| 10179 57 744 1.721869| 432.1343| 120.0373
31-Jul-02 9811 59 693 1.753268| 395.2009| 109.778
01-Aug-02 9795 59 697 1.746032| 399.2491| 110.9025
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02-Aug-02| 10098 60 706 1.762195| 400.9045| 111.3624
03-Aug-02| 10099 59 718 1.746632| 411.2502( 114.2362
04-Aug-02| 10060 59 705 1.760565| 400.4626| 111.2396
05-Aug-02 8855 59 621 1.760146| 352.7141| 97.97613
06-Aug-02| 10002 60 691 1.774845| 389.1952| 108.1098
07-Aug-02 9837 59 690 1.760402| 391.6729| 108.798
08-Aug-02| 10098 60 703 1.766446| 398.1875| 110.6076
09-Aug-02| 10133 61 695 1.782156| 389.805| 108.2792
10-Aug-02 9981 62 672 1.800465| 373.2896| 103.6916
11-Aug-02 9288 60 645 1.769401| 364.537| 101.2603
12-Aug-02| 10030 60 698 1.767775| 394.6602| 109.6278
13-Aug-02 9699 60 675 1.766692| 382.2885| 106.1913
14-Aug-02| 10026 60 692 1.774845| 390.1235| 108.3676
15-Aug-02 9677 58 701 1.729613| 405.4072( 112.6131
16-Aug-02| 10020 60 691 1.776833| 388.688| 107.9689
17-Aug-02 6057 58 435 1.737427| 250.4647| 69.57352
18-Aug-02 9411 59 663 1.755269| 377.8243| 104.9512
19-Aug-02| 10258 60 716 1.763991| 406.103| 112.8064
20-Aug-02 9221 60 641 1.767775| 362.8561| 100.7934
21-Aug-02 4335 56 323 1.706587| 188.9873| 52.49647
22-Aug-02 9694 60 673 1.769401| 380.4559| 105.6822
23-Aug-02 8769 62 589 1.802575| 326.9263| 90.81285
24-Aug-02 8248 1.14 0 0
25-Aug-02 4442 1.14 0 0
26-Aug-02| 10485 1.14 0 0
27-Aug-02| 10393 60 728 1.761298| 413.2045( 114.779
28-Aug-02 9974 61 681 1.785834| 381.4801| 105.9667
29-Aug-02| 10184 60 710 1.76534| 402.2915| 111.7476
30-Aug-02 9973 60 693 1.769401| 391.4051| 108.7236
31-Aug-02| 10357 60 719 1.769401| 406.5029| 112.9175
01-Sep-02| 10232 60 711 1.769401| 401.5961| 111.5545
02-Sep-02 9472 62 639 1.797978| 355.6193| 98.78313
03-Sep-02 9454 62 640 1.794166| 356.9822| 99.16174
04-Sep-02 9689 61 659 1.790824| 367.7544| 102.154
05-Sep-02 9371 60 646 1.775938| 364.0253| 101.1181
06-Sep-02 9747 59 688 1.753268| 392.5978| 109.0549
07-Sep-02 9679 59 683 1.754723| 388.9594| 108.0443
08-Sep-02 8778 60 608 1.77173| 343.2266| 95.34073
09-Sep-02 9588 59 676 1.754868| 385.2177( 107.0049
10-Sep-02 9187 60 641 1.76534| 362.915| 100.8097
11-Sep-02 9463 56 703 1.708482| 411.2066( 114.2241
12-Sep-02 9373 58 675 1.734814| 389.2604| 108.1279
13-Sep-02 9549 58 687 1.735858| 395.8682| 109.9634
14-Sep-02 9551 59 676 1.751671| 385.7189| 107.1441
15-Sep-02 9393 59 668 1.746897| 382.3356| 106.2043
16-Sep-02 9040 58 655 1.729613| 378.7555| 105.2099
17-Sep-02 9523 60 661 1.769401| 373.7648| 103.8236
18-Sep-02 8344 61 572 1.782156| 320.9879| 89.1633
19-Sep-02 9646 61 662 1.780872| 371.8134| 103.2815
20-Sep-02 9859 60 686 1.767775| 387.9461| 107.7628
21-Sep-02 8135 64 528 1.839527| 287.2591| 79.79419
22-Sep-02 9979 61 683 1.784328| 382.5806| 106.2724
23-Sep-02 9435 63 626 1.816768| 344.398| 95.66612

Tailings beach slope prediction Tim Fitton




Appendices 323
24-Sep-02 9756 60 675 1.773481| 380.4337| 105.676
25-Sep-02 9859 60 680 1.776211| 382.7987| 106.333
26-Sep-02| 10045 60 698 1.769401| 394.2484( 109.5134
27-Sep-02 9969 60 690 1.772119| 389.5617| 108.2116
28-Sep-02 9987 61 687 1.77895| 386.0915| 107.2477
29-Sep-02 9902 60 692 1.762643| 392.861| 109.1281
30-Sep-02 9877 58 716 1.729613| 413.8171| 114.9492
01-Oct-02 8937 56 670 1.70055| 393.8267| 109.3963
02-Oct-02 3467 1.14 0 0
03-Oct-02| 10001 54 769 1.679486| 457.9459( 127.2072
04-Oct-02| 10078 56 745 1.711651| 435.4738| 120.965
05-Oct-02| 10006 57 729 1.724442| 422.9139( 117.4761
06-Oct-02 9705 58 696 1.739173| 400.121| 111.1447
07-Oct-02 9329 58 673 1.733511| 388.2711| 107.8531
08-Oct-02 9695 57 711 1.71879| 413.7763| 114.9379
09-Oct-02 9563 58 693 1.729613| 400.6413| 111.2892
10-Oct-02 9637 60 672 1.76534| 380.6813| 105.7448
11-Oct-02 9376 59 662 1.753268| 377.662| 104.9061
12-Oct-02 9777 60 679 1.769401| 383.7158| 106.5877
13-Oct-02 9943 60 694 1.763991| 393.603| 109.3342
14-Oct-02 6704 64 436 1.83848| 237.0976| 65.86045
15-Oct-02 6558 58 468 1.742675| 268.7943| 74.66509
16-Oct-02 6528 58 472 1.73091| 272.8988| 75.80522
17-Oct-02 8061 58 577 1.74136| 331.1328| 91.98133
18-Oct-02 9917 59 706 1.745311| 404.7148| 112.4208
19-Oct-02 9523 61 654 1.780323| 367.3872| 102.052
20-Oct-02| 10401 59 737 1.750366| 420.9507| 116.9308
21-Oct-02| 10140 61 694 1.784177| 388.845| 108.0125
22-Oct-02 9727 60 677 1.767922| 382.656| 106.2933
23-Oct-02 9798 59 690 1.75618| 392.8043| 109.1123
24-Oct-02| 10269 59 725 1.753268| 413.6424( 114.9007
25-Oct-02| 10040 59 710 1.751816| 405.3683| 112.6023
26-Oct-02| 10717 57 778 1.728317| 449.9963| 124.999
27-Oct-02| 10177 59 720 1.751816| 410.9204( 114.1445
28-0ct-02 9148 59 647 1.751816| 369.3641| 102.6011
29-Oct-02 9545 59 673 1.755269| 383.221| 106.4503
30-Oct-02 9795 59 691 1.754723| 393.6152| 109.3376
31-Oct-02 9866 58 705 1.741719| 405.0484( 112.5134
01-Nov-02 8398 61 575 1.783468| 322.4012| 89.55588
02-Nov-02| 10021 59 714 1.745311| 408.9356| 113.5932
03-Nov-02 9800 60 676 1.776211| 380.4893| 105.6915
04-Nov-02 9538 63 627 1.826113| 343.4033| 95.3898
05-Nov-02 9812 62 658 1.804266| 364.8827| 101.3563
06-Nov-02 9772 63 643 1.825391| 352.1967| 97.83241
07-Nov-02 9825 61 674 1.781697| 378.2358| 105.0655
08-Nov-02 8968 61 613 1.785834| 343.0237| 95.28437
09-Nov-02 9337 61 640 1.782523| 358.9702| 99.71394
10-Nov-02 9508 63 629 1.819633| 345.5744| 95.99288
11-Nov-02 9129 61 621 1.790824| 346.494| 96.24834
12-Nov-02 9696 58 703 1.729613| 406.2428| 112.8452
13-Nov-02 9524 60 663 1.766446| 375.5508| 104.3197
14-Nov-02| 10096 60 701 1.769401| 396.2442| 110.0678
15-Nov-02| 10047 62 670 1.810289| 370.2471| 102.8464
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16-Nov-02| 10064 64 652 1.841815| 354.2428| 98.40078
17-Nov-02 9810 65 631 1.851165| 340.7557| 94.65436
18-Nov-02 9968 62 665 1.810117| 367.4482| 102.069
19-Nov-02 8567 61 585 1.785834| 327.6813| 91.02257
20-Nov-02 1656 1.14 0 0
21-Nov-02 9485 1.14 0 0
22-Nov-02 9278 63 610 1.825391| 334.3781| 92.8828
23-Nov-02| 10021 65 645 1.849384| 348.9715| 96.93653
24-Nov-02 9858 63 648 1.825916| 355.0257| 98.61824
25-Nov-02 9620 63 641 1.812012| 353.6116| 98.22545
26-Nov-02 9283 64 608 1.831185| 331.7565| 92.15459
27-Nov-02 9398 62 636 1.795562 354.11 98.3639
28-Nov-02 9307 61 631 1.793236| 351.951| 97.76417
29-Nov-02 9659 59 681 1.754868| 388.0313| 107.7865
30-Nov-02 9842 64 646 1.828283| 353.2284 98.119
01-Dec-02 9758 54 753 1.676823| 449.0216| 124.7282
02-Dec-02 9913 57 719 1.728749| 415.931| 115.5364
03-Dec-02 9206 53 725 1.661021| 436.4708| 121.2419
04-Dec-02 9286 55 707 1.687121| 419.2752| 116.4653
05-Dec-02 9471 62 637 1.801168| 353.8394| 98.28871
06-Dec-02| 10129 63 673 1.813911| 371.296| 103.1378
07-Dec-02| 10191 62 689 1.796451| 383.4974| 106.5271
08-Dec-02| 10001 58 723 1.732209| 417.1809| 115.8836
09-Dec-02 9838 60 679 1.774845| 382.7964| 106.3323
10-Dec-02 9997 62 676 1.795841| 376.5368| 104.5936
11-Dec-02 9738 63 648 1.812486| 357.6914| 99.35871
12-Dec-02| 10175 63 678 1.811064| 374.536| 104.0378
13-Dec-02| 10207 63 678 1.814949| 373.548| 103.7633
14-Dec-02| 10137 63 674 1.813393| 371.8665| 103.2963
15-Dec-02 9986 62 672 1.800887| 373.2433| 103.6787
16-Dec-02 5996 62 404 1.799202| 224.6911| 62.41419
17-Dec-02 9430 63 627 1.813911| 345.6476| 96.01322
18-Dec-02| 10056 62 679 1.797978| 377.5347| 104.8708
19-Dec-02[ 10191 63 675 1.818199| 371.2001( 103.1111
20-Dec-02 9570 61 656 1.782156| 368.1286| 102.2579
21-Dec-02| 10341 63 689 1.811064| 380.6561| 105.7378
22-Dec-02| 10138 63 667 1.825391| 365.3714| 101.4921
23-Dec-02 9774 63 647 1.817913| 356.1561| 98.93225
24-Dec-02 9083 63 600 1.8212| 329.3658| 91.49051
25-Dec-02 9601 63 637 1.816507| 350.5717| 97.38103
26-Dec-02 9589 64 625 1.835555| 340.5602| 94.60005
27-Dec-02 9189 61 628 1.785834| 351.4547| 97.6263
28-Dec-02 9287 62 627 1.797978| 348.6551| 96.84863
29-Dec-02| 10005 60 698 1.764972| 395.437| 109.8436
30-Dec-02 9878 63 655 1.816196| 360.8445| 100.2346
31-Dec-02| 10105 62 681 1.799508| 378.4751| 105.132
01-Jan-03 9023 62 611 1.794166| 340.7079| 94.64107
02-Jan-03| 10047 64 651 1.842885| 353.0894| 98.08038
03-Jan-03| 10245 64 663 1.844063 359.46( 99.85001
04-Jan-03| 10354 61 707 1.785834| 396.0221| 110.0061
05-Jan-03| 10816 59 768 1.747956| 439.4896| 122.0805
06-Jan-03| 10405 62 704 1.795562| 392.0769| 108.9103
07-Jan-03 9990 63 661 1.819633| 363.0974| 100.8604
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08-Jan-03| 10027 61 680 1.792772| 379.4591| 105.4053
09-Jan-03| 10495 60 729 1.769401| 411.8967| 114.4157
10-Jan-03| 11024 62 743 1.799508| 412.9216( 114.7005
11-Jan-03| 10605 64 694 1.831185| 379.0144| 105.2818
12-Jan-03| 11078 61 756 1.787343| 422.7277| 117.4244
13-Jan-03| 10533 61 719 1.785834| 402.8869| 111.913
14-Jan-03| 10387 62 702 1.796451| 390.8783| 108.5773
15-Jan-03| 10380 1.14 0 0
16-Jan-03 8650 62 583 1.799202| 324.135| 90.03751
17-Jan-03 9884 62 664 1.802575| 368.5147| 102.3652
18-Jan-03( 11161 61 761 1.787494| 425.7895| 118.2749
19-Jan-03| 10703 61 729 1.789157| 407.2824 113.134
20-Jan-03| 10924 60 761 1.766151| 430.9701| 119.7139
21-Jan-03 9569 61 650 1.79138| 362.8931| 100.8036
22-Jan-03 3340 1.14 0 0
23-Jan-03 8344 62 559 1.805396| 309.7597| 86.04435
24-Jan-03 9558 64 627 1.829074| 342.6402( 95.17784
25-Jan-03| 10086 63 663 1.825916| 363.2254| 100.8959
26-Jan-03 9907 61 682 1.77758| 383.856| 106.6267
27-Jan-03 9755 60 678 1.768046| 383.6793| 106.5776
28-Jan-03| 10177 60 704 1.773481| 396.853| 110.2369
29-Jan-03 9794 63 649 1.817722| 356.9928| 99.16468
30-Jan-03 8015 58 573 1.74136| 329.2175| 91.44929
31-Jan-03 9993 62 669 1.807195| 369.9836| 102.7732
01-Feb-03| 10472 58 753 1.736001| 434.0369| 120.5658
02-Feb-03 8876 66 562 1.868755| 300.8674| 83.57429
03-Feb-03 9262 64 600 1.842885| 325.4979( 90.4161
04-Feb-03 9344 65 602 1.848253| 325.8838| 90.52327
05-Feb-03 9748 63 650 1.811064 358.84( 99.67779
06-Feb-03 6972 60 484 1.769401| 273.6174| 76.00482
07-Feb-03| 10011 62 678 1.794927| 377.6098( 104.8916
08-Feb-03 9983 65 643 1.848791| 347.9344| 96.64844
09-Feb-03 9486 60 660 1.767775| 373.2474| 103.6798
10-Feb-03 9765 61 665 1.789157| 371.5739( 103.215
11-Feb-03 9161 62 617 1.80104| 342.3188| 95.08856
12-Feb-03| 10181 62 682 1.805961| 377.6481| 104.9022
13-Feb-03| 10547 61 724 1.781322| 406.253| 112.8481
14-Feb-03 9966 62 669 1.804113| 370.6793| 102.9665
15-Feb-03| 10382 60 722 1.767594| 408.645( 113.5125
16-Feb-03 8814 61 604 1.782156| 339.0622| 94.18394
17-Feb-03] 11159 60 778 1.765791| 440.4788| 122.3552
18-Feb-03| 10140 61 690 1.789527| 385.6463| 107.124
19-Feb-03 9237 60 637 1.776833| 358.284| 99.52335
20-Feb-03 9521 63 627 1.824341| 343.6913| 95.46981
21-Feb-03 9388 65 605 1.848051| 327.5142| 90.97616
22-Feb-03| 10361 62 699 1.798828| 388.4695| 107.9082
23-Feb-03| 10433 61 716 1.781322| 401.8576| 111.6271
24-Feb-03 9953 61 682 1.782156| 382.8531| 106.3481
25-Feb-03 9015 62 610 1.794927| 340.0307| 94.45297
26-Feb-03 7886 61 536 1.790824| 299.3078| 83.14105
27-Feb-03 949 1.14 0 0
28-Feb-03 6897 58 499 1.73032| 288.5905| 80.16404
01-Mar-03 7709 61 529 1.781697| 296.7733| 82.43704
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02-Mar-03 8716 61 591 1.793405| 329.5101| 91.53059
03-Mar-03 9326 62 624 1.806809| 345.4736| 95.96489
04-Mar-03 8528 61 581 1.788855| 324.6799| 90.18886
05-Mar-03 1413 1.14 0 0
06-Mar-03 9082 62 611 1.80104| 339.3978| 94.27716
07-Mar-03 9390 62 627 1.808934| 346.7514| 96.31985
08-Mar-03 9714 62 651 1.806338| 360.1293| 100.0359
09-Mar-03| 10443 61 719 1.778493| 404.0352| 112.232
10-Mar-03| 10469 59 738 1.754868| 420.5995| 116.8332
11-Mar-03| 10463 63 689 1.824813| 377.434| 104.8428
12-Mar-03 5750 61 393 1.785834| 219.9479| 61.09665
13-Mar-03 9436 60 655 1.769401| 370.3264| 102.8685
14-Mar-03 9951 61 681 1.784177| 381.5991| 105.9998
15-Mar-03 9694 60 670 1.773481| 378.007| 105.002
16-Mar-03 9523 57 696 1.721869| 404.277( 112.2992
17-Mar-03 8946 1.14 0 0
18-Mar-03 9388 61 640 1.788207| 357.7828| 99.3841
19-Mar-03 9017 60 625 1.771031| 352.9818| 98.05049
20-Mar-03 9510 59 673 1.751816| 383.9792| 106.6609
21-Mar-03 9495 60 663 1.763991| 375.8995| 104.4165
22-Mar-03 9263 63 617 1.812283| 340.3458| 94.5405
23-Mar-03 7690 57 564 1.71879| 328.2154| 91.17096
24-Mar-03 9663 60 672 1.767368| 380.4753| 105.6876
25-Mar-03 9704 62 656 1.795841| 365.5197| 101.5333
26-Mar-03 9802 1.14 0 0
27-Mar-03 9176 62 619 1.797978| 344.4759| 95.68774
28-Mar-03 9509 62 637 1.805396| 353.0189| 98.06082
29-Mar-03 9744 60 674 1.773027| 380.2472| 105.6242
30-Mar-03 9956 60 687 1.775938| 386.7117( 107.4199
31-Mar-03 9989 61 679 1.79138| 378.8213| 105.2281
01-Apr-03 9740 58 697 1.74136| 400.1086| 111.1413
02-Apr-03 9573 58 689 1.736001| 396.7525| 110.209
03-Apr-03| 10089 60 698 1.772664| 393.9203| 109.4223
04-Apr-03| 10005 61 680 1.790369| 380.0155| 105.5599
05-Apr-03| 10064 62 673 1.807659| 372.3712| 103.4364
06-Apr-03 8390 60 580 1.774299| 326.7528| 90.76467
07-Apr-03| 10141 62 685 1.79752| 380.9999| 105.8333
08-Apr-03| 10124 60 701 1.772119| 395.6142( 109.8928
09-Apr-03 9628 63 639 1.816196| 351.7078| 97.69662
10-Apr-03 9850 63 655 1.814482| 360.7476| 100.2077
11-Apr-03| 10073 61 690 1.782824| 387.1011| 107.5281
12-Apr-03 9980 59 705 1.753268| 401.9754| 111.6598
13-Apr-03| 10183 61 700 1.779225| 393.5188| 109.3108
14-Apr-03| 10236 62 694 1.794166| 386.545| 107.3736
15-Apr-03 9425 60 660 1.761298| 374.7348| 104.093
16-Apr-03 2223 1.14 0 0
17-Apr-03| 10115 60 698 1.776211| 392.7493| 109.097
18-Apr-03 9291 61 633 1.788603| 353.8382| 98.28838
19-Apr-03 9591 63 637 1.814949| 351.0177| 97.50493
20-Apr-03 9863 62 659 1.80936| 363.9759| 101.1044
21-Apr-03 9859 64 647 1.828283| 353.8377| 98.28825
22-Apr-03| 10396 60 717 1.776833| 403.2608| 112.0169
23-Apr-03 9862 60 684 1.770883| 386.1336| 107.2593
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24-Apr-03| 10434 55 797 1.684837| 473.0703| 131.4084
25-Apr-03| 10634 56 796 1.701553| 467.7674| 129.9354
26-Apr-03| 10867 57 800 1.716106| 465.9362( 129.4267
27-Apr-03| 10892 57 795 1.723271| 461.2815| 128.1337
28-Apr-03| 10237 60 710 1.770883| 400.8302( 111.3417
29-Apr-03| 10660 60 743 1.766151| 420.5383| 116.8162
30-Apr-03 9970 60 690 1.772367| 389.4678| 108.1855

01-May-03| 10596 61 728 1.780323| 408.7682| 113.5467
02-May-03| 10687 59 757 1.750366| 432.5355| 120.1488
03-May-03| 10475 59 741 1.751494| 423.1703| 117.5473
04-May-03| 10587 60 732 1.773853| 412.6003| 114.6112
05-May-03| 10819 57 787 1.726084| 455.9806| 126.6613
06-May-03| 10545 62 713 1.796451| 396.8277| 110.2299
07-May-03| 10018 62 674 1.800887| 374.4429( 104.0119
08-May-03| 10068 62 682 1.794166| 380.1873| 105.6076
09-May-03| 10357 59 734 1.750366| 419.157| 116.4325
10-May-03| 10334 60 716 1.771031| 404.5318| 112.3699
11-May-03| 10518 59 741 1.755937| 421.8285| 117.1746
12-May-03| 10552 61 720 1.787343| 402.6742( 111.8539
13-May-03| 10104 61 686 1.792493| 382.5201| 106.2556
14-May-03 4526 1.14 0 0
15-May-03 9972 1.14 0 0
16-May-03 9719 61 660 1.79138| 368.5845| 102.3846
17-May-03 9484 64 622 1.82925| 339.9111| 94.41976
18-May-03 8506 57 617 1.728502| 357.023| 99.17305
19-May-03| 10201 61 695 1.789157| 388.1797| 107.8277
20-May-03 9293 61 631 1.79138| 352.4214| 97.89483
21-May-03 9486 61 651 1.781322| 365.3643| 101.4901
22-May-03 9525 60 667 1.761298| 378.7089| 105.1969
23-May-03 9641 58 694 1.735858| 399.6694| 111.0193
24-May-03 9138 57 663 1.728906| 383.3038| 106.4733
25-May-03 9825 58 708 1.734577| 408.1821| 113.3839
26-May-03 9486 59 665 1.760565| 377.6212| 104.8948
27-May-03 8077 63 538 1.812283| 296.7751| 82.43752
28-May-03 9159 63 603 1.825391| 330.1103| 91.69732
29-May-03 9576 60 663 1.772664| 373.8872| 103.8576
30-May-03| 10562 59 745 1.754723| 424.4436| 117.901
31-May-03| 10599 60 737 1.768046| 416.8761| 115.7989
01-Jun-03| 10564 58 753 1.744432| 431.729| 119.9247
02-Jun-03| 10216 56 758 1.708482| 443.9351| 123.3153
03-Jun-03| 10519 59 745 1.750608| 425.5663| 118.2129
04-Jun-03 9678 59 687 1.748919| 392.6284| 109.0634
05-Jun-03| 10510 61 723 1.779225| 406.1556( 112.821
06-Jun-03| 10466 61 715 1.785834| 400.3076| 111.1965
07-Jun-03| 10564 62 713 1.79752| 396.8964| 110.249
08-Jun-03 9566 62 639 1.808225| 353.6397| 98.23326
09-Jun-03 9686 62 650 1.804266| 360.2161 100.06
10-Jun-03 8792 63 583 1.816196| 321.1749| 89.21525
11-Jun-03 9003 61 620 1.778327| 348.4214| 96.78374
12-Jun-03 9511 59 676 1.747474| 386.7456( 107.4293
13-Jun-03 9822 58 701 1.743154| 402.2838( 111.7455
14-Jun-03| 10313 59 725 1.757639| 412.4778| 114.5772
15-Jun-03( 10001 61 681 1.789157| 380.5656( 105.7127
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16-Jun-03( 10461 61 718 1.781322 402.95| 111.9305
17-Jun-03 9287 65 596 1.853246| 321.6313| 89.34202
18-Jun-03 8723 64 568 1.837017| 309.1519| 85.87553
19-Jun-03 9003 63 599 1.813911| 330.0081| 91.66891
20-Jun-03 9349 63 619 1.818069| 340.5975| 94.61042
21-Jun-03 9336 62 623 1.80936| 344.534| 95.70388
22-Jun-03| 10132 59 716 1.753268| 408.0968| 113.3602
23-Jun-03 9931 60 693 1.76534| 392.3012| 108.9726
24-Jun-03 9628 62 649 1.799508| 360.6182| 100.1717
25-Jun-03 9527 62 637 1.807195| 352.7442| 97.98449
26-Jun-03 9869 64 645 1.833125| 351.731| 97.70305
27-Jun-03 9768 63 647 1.818069| 355.8368| 98.84356
28-Jun-03 9644 63 639 1.818069| 351.3388| 97.59412
29-Jun-03 9471 62 636 1.802575| 353.0982| 98.08282
30-Jun-03| 10007 60 692 1.773853| 389.9839| 108.3289
01-Jul-03| 10352 60 717 1.771439| 404.9772| 112.4937
02-Jul-03 9088 62 611 1.802575| 338.8328( 94.12024
03-Jul-03| 10049 62 675 1.802575| 374.6624| 104.0729
04-Jul-03 9841 62 659 1.805653| 365.2146| 101.4485
05-Jul-03 9777 62 654 1.807659| 361.7221| 100.4784
06-Jul-03 9484 62 643 1.794166| 358.1406| 99.48349
07-Jul-03 9360 62 628 1.804266| 348.085| 96.69027
08-Jul-03 9412 61 645 1.782824| 361.6865| 100.4685
09-Jul-03 1783 1.14 0 0
10-Jul-03| 10071 59 711 1.753268 405.64| 112.6778
11-Jul-03| 10073 61 693 1.779225| 389.2599| 108.1278
12-Jul-03 9648 60 674 1.7635| 382.2478| 106.1799
13-Jul-03| 10054 59 716 1.745311| 410.3152| 113.9764
14-Jul-03| 10386 59 738 1.746897| 422.7317| 117.4255
15-Jul-03 9844 56 731 1.70785| 428.2187| 118.9497
16-Jul-03 9067 57 658 1.728502| 380.5741| 105.715
17-Jul-03 9340 57 677 1.728749| 391.8709| 108.853
18-Jul-03 9121 58 661 1.729613| 382.1274| 106.1465
19-Jul-03 9742 60 672 1.775342| 378.7749| 105.2153
20-Jul-03 9553 63 628 1.825916| 344.0448 95.568
21-Jul-03 9783 63 647 1.819633| 355.5705| 98.7696
22-Jul-03 9945 61 685 1.77758| 385.313| 107.0314
23-Jul-03 9599 61 656 1.785834| 367.1666| 101.9907
24-Jul-03 9480 61 648 1.784453| 363.3749| 100.9375
25-Jul-03 9788 61 672 1.780323| 377.5995| 104.8887
26-Jul-03| 10386 60 716 1.776833| 402.8481( 111.9023
27-Jul-03 9831 60 683 1.769401| 385.8523| 107.1812
28-Jul-03 9607 60 663 1.775938| 373.1903| 103.664
29-Jul-03 9203 62 620 1.799508| 344.696| 95.74889
30-Jul-03 8881 62 594 1.808225| 328.3099| 91.19718
31-Jul-03 9321 62 622 1.810289| 343.5039| 95.41776
01-Aug-03 8462 64 551 1.837017| 299.8785| 83.29957
02-Aug-03 8946 64 585 1.831185| 319.7241| 88.81225
03-Aug-03 8982 62 600 1.809643| 331.353| 92.04251
04-Aug-03 9102 61 622 1.785834| 348.1446| 96.70684
05-Aug-03 9512 60 661 1.769401| 373.3086| 103.6968
06-Aug-03 8927 60 616 1.775938| 346.773| 96.32584
07-Aug-03| 10092 59 714 1.751937| 407.3847( 113.1624
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08-Aug-03 9347 63 622 1.813393| 342.8833| 95.24536
09-Aug-03 8828 62 593 1.802575| 329.1316( 91.42543
10-Aug-03 9740 63 640 1.826547| 350.4371| 97.34365
11-Aug-03 9869 62 658 1.810289| 363.7202| 101.0334
12-Aug-03| 10019 62 675 1.800465| 374.7275( 104.091
13-Aug-03 4360 60 303 1.769401| 171.1242| 47.53451
14-Aug-03 9099 62 611 1.802575| 339.2292| 94.23032
15-Aug-03| 10228 62 686 1.804113| 380.4476| 105.6799
16-Aug-03 9928 62 669 1.799202| 372.0479| 103.3467
17-Aug-03| 10588 62 713 1.8007| 395.8773| 109.9659
18-Aug-03| 10512 64 683 1.839527| 371.2272| 103.1187
19-Aug-03| 11085 62 745 1.802575| 413.2636( 114.7954
20-Aug-03| 10007 64 654 1.833513| 356.4367| 99.01019
21-Aug-03 9783 65 630 1.850274| 340.2426( 94.51183
22-Aug-03| 10192 62 682 1.807659| 377.0732| 104.7426
23-Aug-03| 10177 65 653 1.853111| 352.5482| 97.93004
24-Aug-03 9446 65 605 1.856363| 325.7427| 90.48407
25-Aug-03| 10152 63 675 1.813393| 372.3965| 103.4435
26-Aug-03 9759 62 651 1.809643| 360.0065| 100.0018
27-Aug-03| 10071 59 715 1.748919| 408.568| 113.4911
28-Aug-03| 10414 59 732 1.757274| 416.7637| 115.7677
29-Aug-03| 10384 60 721 1.769401| 407.5569( 113.2102
30-Aug-03| 10844 61 735 1.793405| 409.9814| 113.8837
31-Aug-03| 10226 62 690 1.798361| 383.7033| 106.5842
01-Sep-03| 10364 61 713 1.778327| 401.0716| 111.4088
02-Sep-03| 10274 60 710 1.773853| 400.3983( 111.2217
03-Sep-03| 10950 64 717 1.830023| 392.0133| 108.8926
04-Sep-03 9563 62 643 1.802575| 356.5417| 99.03937
05-Sep-03| 10825 62 726 1.804113| 402.652( 111.8478
06-Sep-03| 10963 62 740 1.797978| 411.5646| 114.3235
07-Sep-03 9840 62 659 1.805961| 364.9821| 101.3839
08-Sep-03| 10420 62 702 1.799508| 390.2799| 108.4111
09-Sep-03| 10401 61 710 1.785834| 397.8305| 110.5085
10-Sep-03| 10254 62 689 1.802575| 382.2929| 106.1925
11-Sep-03| 10989 62 740 1.801168| 410.5693| 114.047
12-Sep-03| 10501 62 710 1.795841| 395.5203| 109.8668
13-Sep-03| 10339 61 707 1.784177| 396.4775| 110.1326
14-Sep-03| 10287 61 699 1.79138| 390.1301| 108.3695
15-Sep-03| 10355 1.14 0 0
16-Sep-03| 10217 1.14 0 0
17-Sep-03 1078 1.14 0 0
18-Sep-03| 10123 62 683 1.797978| 380.0425| 105.5674
19-Sep-03| 10280 62 688 1.807195| 380.6006| 105.7224
20-Sep-03| 10034 63 664 1.819633| 364.6937| 101.3038
21-Sep-03 9739 62 654 1.802575| 363.0817| 100.856
22-Sep-03| 10014 62 669 1.808741| 369.8853| 102.7459
23-Sep-03 9736 62 654 1.802575| 362.9724| 100.8257
24-Sep-03| 10298 62 689 1.807195| 381.2769| 105.9103
25-Sep-03| 10537 63 702 1.811839 387.43( 107.6194
26-Sep-03| 10326 60 712 1.776211| 400.9492( 111.3748
27-Sep-03| 10869 61 743 1.784453| 416.6029( 115.723
28-Sep-03| 11066 60 773 1.763991| 438.0732| 121.687
29-Sep-03| 11210 61 763 1.788855| 426.7721| 118.5478
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30-Sep-03| 11107 62 753 1.794166| 419.4328| 116.5091
01-Oct-03| 10615 63 700 1.822507| 384.2076( 106.7243
02-Oct-03| 10446 62 699 1.807195| 386.7531| 107.4314
03-Oct-03| 11074 62 740 1.808225| 409.3756| 113.7154
04-Oct-03| 11453 63 757 1.819633| 416.2783| 115.6328
05-Oct-03| 10552 62 706 1.807659| 390.4098| 108.4472
06-Oct-03| 10688 61 729 1.787343| 407.856| 113.2933
07-Oct-03| 11041 61 752 1.788603| 420.5082| 116.8078
08-Oct-03| 10130 62 679 1.805653| 375.9071| 104.4186
09-Oct-03| 10786 62 729 1.796451| 405.8847| 112.7458
10-Oct-03| 11522 64 750 1.837017| 408.3403| 113.4279
11-Oct-03| 10552 63 695 1.824341| 380.8846| 105.8013
12-Oct-03| 10908 63 723 1.816768| 398.1587| 110.5996
13-Oct-03| 11336 62 758 1.808225| 419.0549( 116.4042
14-Oct-03| 10017 61 679 1.793236| 378.802| 105.2228
15-Oct-03| 10603 62 713 1.802575| 395.3064| 109.8073
16-Oct-03| 11516 62 775 1.80104| 430.3428| 119.5397
17-Oct-03| 11020 63 727 1.822507| 398.8566| 110.7935
18-Oct-03| 10110 62 681 1.799508| 378.675| 105.1875
19-Oct-03| 10324 62 695 1.80104| 385.8101| 107.1695
20-Oct-03| 10237 62 688 1.802575| 381.6654| 106.0182
21-Oct-03 8203 64 531 1.842885| 288.2828| 80.07854
22-0ct-03 3534 1.14 0 0
23-Oct-03| 10014 59 703 1.758613| 399.8662| 111.0739
24-Oct-03| 10629 64 690 1.840533| 374.7956| 104.1099
25-Oct-03| 10659 64 699 1.829733| 381.7557| 106.0432
26-Oct-03| 10705 63 714 1.811064| 394.0727| 109.4646
27-Oct-03| 10763 62 720 1.807195| 398.5006| 110.6946
28-Oct-03| 11440 61 781 1.785834| 437.5703| 121.5473
29-Oct-03| 10513 61 715 1.790824| 399.0426| 110.8452
30-Oct-03| 10923 61 748 1.782824| 419.7323| 116.5923
31-Oct-03| 11365 58 820 1.733811| 472.7697| 131.3249
01-Nov-03| 10432 60 724 1.769401| 409.4165| 113.7268
02-Nov-03| 10329 62 690 1.808934| 381.411| 105.9475
03-Nov-03| 11381 61 772 1.792772| 430.6998| 119.6388
04-Nov-03| 11190 61 768 1.781697| 430.7803| 119.6612
05-Nov-03| 10227 61 698 1.787217| 390.3261| 108.4239
06-Nov-03 9564 63 633 1.818199| 348.358| 96.76612
07-Nov-03| 10844 60 749 1.775342| 421.6359| 117.1211
08-Nov-03| 10906 60 756 1.770759| 427.111| 118.6419
09-Nov-03| 11183 60 783 1.761298| 444.6318| 123.5088
10-Nov-03| 10484 60 728 1.769401| 411.4669| 114.2963
11-Nov-03| 10447 61 715 1.784328| 400.506( 111.2517
12-Nov-03| 10706 63 711 1.815338| 391.6054| 108.7793
13-Nov-03| 10090 60 697 1.774845| 392.6128| 109.0591
14-Nov-03| 11238 59 789 1.758613| 448.7576| 124.6549
15-Nov-03 9788 60 680 1.769401| 384.1343| 106.704
16-Nov-03 9108 64 590 1.842885| 320.0904 88.914
17-Nov-03 9300 1.14 0 0
18-Nov-03| 10444 64 679 1.838969| 369.0985| 102.5274
19-Nov-03 9861 64 641 1.838969| 348.5097| 96.80824
20-Nov-03| 11130 66 705 1.869489| 376.8748| 104.6874
21-Nov-03| 10767 65 687 1.859861| 369.4578| 102.6272
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22-Nov-03| 10993 65 701 1.860118| 377.081| 104.7447
23-Nov-03| 10922 66 690 1.871281| 368.9379| 102.4828
24-Nov-03| 10162 65 655 1.848051| 354.5169| 98.47692
25-Nov-03 9492 63 629 1.816768| 346.4591| 96.23865
26-Nov-03 3887 62 260 1.806809| 143.9821| 39.99503
27-Nov-03| 10766 66 684 1.86523| 366.7125| 101.8646
28-Nov-03| 10677 66 679 1.863724| 364.431| 101.2308
29-Nov-03| 10623 66 675 1.864545| 362.1636| 100.601
30-Nov-03| 10302 64 672 1.835555| 365.8747| 101.6319
01-Dec-03| 10697 62 717 1.805961| 396.7836( 110.2177
02-Dec-03| 10611 64 689 1.840213| 374.3346| 103.9818
03-Dec-03| 10310 65 662 1.853246| 357.0744| 99.18733
04-Dec-03| 10527 65 676 1.853246| 364.603| 101.2786
05-Dec-03| 10511 63 698 1.814949| 384.6749| 106.8541
06-Dec-03| 10682 63 707 1.818069| 389.1377| 108.0938
07-Dec-03| 10534 62 710 1.799202| 394.7312| 109.6476
08-Dec-03| 10546 63 693 1.827318| 379.0368| 105.288
09-Dec-03| 10602 64 686 1.844063| 371.983| 103.3286
10-Dec-03| 10605 66 665 1.880431| 353.7958| 98.27661
11-Dec-03| 10614 66 667 1.877788| 355.3597| 98.71103
12-Dec-03| 10661 65 684 1.852948| 369.4004| 102.6112
13-Dec-03| 10671 65 681 1.860718| 365.7618| 101.6005
14-Dec-03| 10600 64 686 1.843421| 372.2504| 103.4029
15-Dec-03| 10721 64 694 1.842885| 376.7972| 104.6659
16-Dec-03 8956 1.14 0 0
17-Dec-03 4264 63 283 1.813911| 156.2872( 43.4131
18-Dec-03 9712 63 643 1.818199| 353.7466| 98.26293
19-Dec-03| 10692 65 686 1.853111| 370.3879| 102.8855
20-Dec-03| 10342 64 675 1.834096| 368.0737| 102.2427
21-Dec-03| 10669 63 701 1.826836| 383.7082| 106.5856
22-Dec-03| 10657 64 697 1.832243| 380.2769| 105.6325
23-Dec-03| 10576 64 689 1.837017| 374.8196| 104.1166
24-Dec-03| 10659 62 719 1.798361| 399.9196| 111.0888
25-Dec-03| 10664 64 696 1.833513| 379.843| 105.5119
26-Dec-03| 10619 63 707 1.811839| 390.4386| 108.4552
27-Dec-03| 10576 62 706 1.809643| 390.1386| 108.3718
28-Dec-03| 10563 63 698 1.821356| 382.9759| 106.3822
29-Dec-03| 10714 62 721 1.800887| 400.4724( 111.2423
30-Dec-03| 10782 64 698 1.843421| 378.6263| 105.174
31-Dec-03| 10635 63 705 1.816768| 388.1851| 107.8292
01-Jan-04| 10788 65 692 1.854736| 372.8463| 103.5684
02-Jan-04| 10862 66 690 1.86523| 369.9736| 102.7705
03-Jan-04| 10942 65 703 1.851489| 379.9046| 105.529
04-Jan-04| 10864 66 690 1.86619| 369.5647| 102.6569
05-Jan-04 9892 62 667 1.799508| 370.4939| 102.915
06-Jan-04| 10902 62 729 1.807195| 403.6423( 112.1229
07-Jan-04| 10630 64 698 1.828283| 381.518| 105.9772
08-Jan-04| 10839 64 705 1.838613| 383.2637| 106.4621
09-Jan-04| 10807 63 716 1.818199| 393.637| 109.3436
10-Jan-04| 10167 64 660 1.840213| 358.6667| 99.62963
11-Jan-04 9801 64 643 1.82925| 351.256| 97.57112
12-Jan-04| 10826 61 744 1.780323| 417.6369| 116.0102
13-Jan-04| 10687 61 729 1.787494| 407.7009( 113.2503
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14-Jan-04| 10666 61 726 1.788855| 406.0803| 112.8001
15-Jan-04| 10566 62 715 1.795096| 398.4083| 110.669
16-Jan-04| 10066 63 667 1.818069| 366.7081| 101.8634
17-Jan-04| 10350 62 698 1.798361| 388.3331| 107.8703
18-Jan-04| 10871 61 743 1.785834| 415.808( 115.5022
19-Jan-04 10431 62 707 1.794166| 393.9097| 109.4193
20-Jan-04 9599 64 629 1.829526| 343.8738| 95.52051
21-Jan-04 4354 1.14 0 0
22-Jan-04| 10366 1.14 0 0
23-Jan-04| 10346 62 701 1.794166| 390.6923| 108.5256
24-Jan-04 9595 65 616 1.852502| 332.6668| 92.40744
25-Jan-04| 10684 62 722 1.79696| 401.7124| 111.5868
26-Jan-04| 10859 62 727 1.807195| 402.0343| 111.6762
27-Jan-04| 10948 62 735 1.804266| 407.1379| 113.0939
28-Jan-04| 10639 64 698 1.829074| 381.3926( 105.9424
29-Jan-04| 10723 63 710 1.817722| 390.8299| 108.5639
30-Jan-04| 10786 61 737 1.785834| 412.5345| 114.5929
31-Jan-04| 10856 61 739 1.789157| 413.0966| 114.749
01-Feb-04| 10743 63 713 1.815814| 392.6676| 109.0743
02-Feb-04| 10870 63 723 1.812771| 399.1086| 110.8635
03-Feb-04| 10808 62 730 1.79696| 406.3893| 112.8859
04-Feb-04| 10773 61 735 1.787494| 410.9824( 114.1618
05-Feb-04| 10511 61 720 1.783468| 403.525| 112.0903
06-Feb-04 9597 63 638 1.814482| 351.4874| 97.63538
07-Feb-04| 10820 63 714 1.821356| 392.2666| 108.9629
08-Feb-04| 10378 64 678 1.83264| 370.1388| 102.8163
09-Feb-04| 10747 64 697 1.840925| 378.7502( 105.2084
10-Feb-04| 10041 63 659 1.827494| 360.7802| 100.2167
11-Feb-04| 10295 65 664 1.846818| 359.8013| 99.94479
12-Feb-04| 10468 62 704 1.801168| 391.1078| 108.641
13-Feb-04| 10804 62 729 1.798361| 405.3607( 112.6002
14-Feb-04 9752 61 666 1.785834| 373.0198| 103.6166
15-Feb-04 9150 64 596 1.837017| 324.2805| 90.07793
16-Feb-04 8528 63 568 1.812012| 313.4795| 87.07765
17-Feb-04| 10447 64 683 1.832243| 372.7843| 103.5512
18-Feb-04| 10562 65 674 1.860718| 362.0004| 100.5557
19-Feb-04| 10850 65 699 1.848791| 378.1367| 105.038
20-Feb-04| 10403 66 661 1.864728| 354.5776| 98.49379
21-Feb-04| 10244 65 658 1.853246| 354.7885| 98.55235
22-Feb-04| 10613 65 685 1.847311| 370.6413| 102.9559
23-Feb-04| 10794 65 692 1.854736| 373.0536] 103.626
24-Feb-04| 10020 65 644 1.852183| 347.546| 96.54055
25-Feb-04 2147 1.14 0 0
26-Feb-04 9295 62 621 1.808225| 343.597| 95.44361
27-Feb-04| 10094 63 673 1.811064| 371.5826| 103.2174
28-Feb-04 9858 64 642 1.837017| 349.3772| 97.04922
29-Feb-04 9945 62 664 1.810117| 366.5989| 101.833
01-Mar-04| 10249 61 697 1.790369| 389.2644| 108.129
02-Mar-04| 10181 60 705 1.772367| 397.7201| 110.4778
03-Mar-04 9618 59 681 1.750608| 389.0954| 108.082
04-Mar-04 9980 63 662 1.816768| 364.2877( 101.191
05-Mar-04( 10211 65 655 1.854736| 352.9034| 98.02872
06-Mar-04| 10939 65 702 1.852948| 379.0077| 105.2799
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07-Mar-04| 10715 65 688 1.853111| 371.1676| 103.1021
08-Mar-04| 10868 65 702 1.845834| 380.3636| 105.6566
09-Mar-04| 10916 64 711 1.837017| 386.8611| 107.4614
10-Mar-04 9783 62 654 1.808225| 361.6316| 100.4532
11-Mar-04| 10828 63 713 1.824341| 390.8653| 108.5737
12-Mar-04| 11196 62 751 1.803984| 416.5146| 115.6985
13-Mar-04| 11364 60 795 1.762643| 450.8633| 125.2398
14-Mar-04| 10723 57 780 1.726084| 451.9745| 125.5485
15-Mar-04| 11703 64 766 1.831185| 418.2498| 116.1805
16-Mar-04| 11559 60 801 1.771031| 452.4847| 125.6902
17-Mar-04| 10470 65 671 1.854736| 361.8596| 100.5165
18-Mar-04| 11729 64 768 1.831185| 419.2019 116.445
19-Mar-04| 11424 65 735 1.851165| 396.8241| 110.2289
20-Mar-04| 11658 65 747 1.854736| 402.9312( 111.9253
21-Mar-04| 11554 65 745 1.848253| 402.9626( 111.934
22-Mar-04| 11648 65 750 1.850274| 405.0894| 112.5248
23-Mar-04| 11624 64 752 1.844358| 407.6617( 113.2394
24-Mar-04| 11063 64 720 1.837017| 392.0894| 108.9137
25-Mar-04| 11765 63 773 1.826547| 423.2952( 117.582
26-Mar-04| 10858 64 707 1.837017| 384.8043| 106.8901
27-Mar-04| 10153 64 660 1.83848| 359.0677| 99.74102
28-Mar-04| 10846 59 765 1.754868| 435.7379| 121.0383
29-Mar-04| 10730 60 743 1.772664| 418.9658| 116.3794
30-Mar-04| 10906 58 778 1.743992| 446.0202( 123.8945
31-Mar-04| 10714 63 713 1.813393| 393.0124| 109.1701
01-Apr-04| 10540 60 727 1.775938| 409.4204( 113.7279
02-Apr-04| 10616 61 726 1.784328| 406.9839| 113.0511
03-Apr-04| 11106 59 778 1.760565| 442.107| 122.8075
04-Apr-04 9475 61 650 1.781697| 364.7399| 101.3166
05-Apr-04| 11010 65 702 1.860718| 377.3562| 104.8212
06-Apr-04| 10594 64 686 1.842885| 372.3083| 103.419
07-Apr-04 3578 61 246 1.780323| 138.0165| 38.3379
08-Apr-04| 10460 64 680 1.838613| 369.8672| 102.7409
09-Apr-04 9890 66 624 1.8728| 333.3932| 92.60922
10-Apr-04 9537 65 615 1.847607| 332.9456| 92.48488
11-Apr-04 9857 63 647 1.827318| 354.2715| 98.40876
12-Apr-04| 10624 63 707 1.813393| 389.7412| 108.2614
13-Apr-04| 10862 63 718 1.819633| 394.7996| 109.6666
14-Apr-04| 10562 64 690 1.83264| 376.6866| 104.6352
15-Apr-04| 10577 63 704 1.813393| 387.9919| 107.7755
16-Apr-04| 10181 63 670 1.825391| 366.9282| 101.9245
17-Apr-04 2914 63 193 1.819633| 105.9058| 29.41827
18-Apr-04 0 1.14 0 0
19-Apr-04 0 1.14 0 0
20-Apr-04 0 1.14 0 0
21-Apr-04 0 1.14 0 0
22-Apr-04 0 1.14 0 0
23-Apr-04 6299 65 405 1.852183| 218.494| 60.69278
24-Apr-04 9721 65 621 1.859628| 333.6818| 92.68938
25-Apr-04| 10498 62 701 1.808741| 387.7788| 107.7163
26-Apr-04| 10747 58 767 1.743729| 439.738| 122.1495
27-Apr-04| 10110 62 684 1.794927| 381.3447| 105.9291
28-Apr-04 9573 63 635 1.816196| 349.7025| 97.1396
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29-Apr-04| 10280 64 672 1.832243| 366.845| 101.9014
30-Apr-04 9733 65 628 1.847311| 339.9194| 94.42206

01-May-04| 10619 64 696 1.829074| 380.6597| 105.7388
02-May-04| 11343 64 744 1.829074| 406.6324| 112.9534
03-May-04| 10761 63 708 1.825391| 387.8579| 107.7383
04-May-04| 10209 64 660 1.84485| 357.7948| 99.38746
05-May-04 9782 63 652 1.811064| 360.0749| 100.0208
06-May-04 9693 65 625 1.848253| 338.0866| 93.91295
07-May-04| 10219 65 656 1.853111| 353.997| 98.33249
08-May-04| 10187 63 679 1.811064| 375.0038| 104.1677
09-May-04| 10319 65 667 1.845834| 361.1244| 100.3123
10-May-04| 10445 64 677 1.841815| 367.626| 102.1183
11-May-04| 10429 63 692 1.816196| 380.9874| 105.8298
12-May-04 9388 63 621 1.819633| 341.2142( 94.78172
13-May-04 9801 63 646 1.822769| 354.6147| 98.50409
14-May-04 9383 62 626 1.809643| 346.1463| 96.15175
15-May-04 9772 63 645 1.822507| 353.6945| 98.24847
16-May-04| 10346 67 640 1.898008| 337.165| 93.65694
17-May-04( 10136 67 627 1.89744| 330.5741| 91.82614
18-May-04 9936 65 636 1.856526| 342.557| 95.15472
19-May-04 9930 66 625 1.876862| 332.9013| 92.47258
20-May-04| 10443 68 645 1.900566| 339.1857| 94.21824
21-May-04| 10557 64 688 1.835555| 374.9178| 104.1438
22-May-04 9947 65 638 1.853246| 344.4974| 95.69374
23-May-04| 10439 64 676 1.843421| 366.5904| 101.8307
24-May-04| 11159 64 724 1.840533| 393.4939| 109.3039
25-May-04| 10598 66 674 1.864545| 361.3277| 100.3688
26-May-04| 10148 65 651 1.853246| 351.4473| 97.62426
27-May-04| 10552 64 684 1.841415| 371.6124| 103.2257
28-May-04| 10667 63 702 1.825391| 384.4627| 106.7952
29-May-04 9453 63 623 1.823083| 341.8331| 94.95363
30-May-04| 10419 65 667 1.856363| 359.278| 99.79943
31-May-04| 11253 65 722 1.852948| 389.9133| 108.3092
01-Jun-04 9658 64 625 1.844063| 338.8435| 94.12319
02-Jun-04| 10489 64 683 1.837017| 371.715| 103.2542
03-Jun-04| 10877 63 724 1.812012| 399.8169| 111.0602
04-Jun-04| 11769 64 762 1.842885| 413.6132| 114.8926
05-Jun-04| 10917 65 705 1.845834| 382.0755| 106.1321
06-Jun-04| 11511 65 737 1.856363| 396.9299| 110.2583
07-Jun-04| 11698 65 748 1.857994| 402.4566| 111.7935
08-Jun-04| 11698 66 735 1.877788| 391.6592| 108.7942
09-Jun-04| 10986 66 693 1.874321| 369.5681| 102.6578
10-Jun-04| 11296 64 731 1.844063| 396.3148| 110.0874
11-Jun-04| 11735 65 758 1.845834| 410.6928| 114.0813
12-Jun-04| 11026 64 713 1.844358| 386.6951| 107.4153
13-Jun-04 10671 65 686 1.851759| 370.365| 102.8792
14-Jun-04| 10156 63 669 1.824341| 366.6047| 101.8346
15-Jun-04 9603 64 625 1.837017| 340.3158| 94.53216
16-Jun-04 0 1.14 0 0
17-Jun-04 7780 65 503 1.845834| 272.2871| 75.6353
18-Jun-04| 10815 66 683 1.8728| 364.5835| 101.2732
19-Jun-04( 11041 64 718 1.838613| 390.3841 108.44
20-Jun-04| 10807 66 685 1.867838| 366.7709| 101.8808
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21-Jun-04 9916 66 628 1.868755| 336.107| 93.36304
22-Jun-04 9991 63 658 1.824341| 360.6368| 100.1769
23-Jun-04| 10472 63 688 1.826836| 376.6181| 104.6161
24-Jun-04| 10087 64 655 1.840213| 355.8694| 98.85262
25-Jun-04| 10316 63 680 1.823083| 373.0432| 103.6231
26-Jun-04| 10587 63 697 1.823948| 382.3784| 106.2162
27-Jun-04| 10708 64 695 1.840533| 377.6053| 104.8904
28-Jun-04| 10599 64 691 1.835423| 376.497| 104.5825
29-Jun-04| 10657 64 695 1.835423| 378.5687| 105.158
30-Jun-04| 10663 65 686 1.849869| 371.0392| 103.0665
01-Jul-04| 10406 65 670 1.849384| 362.3674| 100.6576
02-Jul-04| 10640 64 690 1.841415| 374.7189| 104.0886
03-Jul-04| 10429 64 684 1.828283| 374.3037| 103.9732
04-Jul-04| 10519 64 689 1.830657| 376.2368| 104.5102
05-Jul-04| 10536 64 689 1.832243| 375.9886( 104.4413
06-Jul-04| 10446 65 673 1.848253| 364.3445| 101.2068
07-Jul-04| 10061 65 645 1.854736| 347.7363| 96.5934
08-Jul-04| 10504 64 687 1.831185| 375.3908| 104.2752
09-Jul-04| 10662 66 678 1.863724| 363.9141| 101.0873
10-Jul-04| 10623 68 654 1.904845| 343.0913| 95.30314
11-Jul-04| 10532 66 662 1.877371| 352.8421| 98.01171
12-Jul-04| 10296 65 657 1.859628| 353.4111| 98.16974
13-Jul-04 9842 65 634 1.849384| 342.7167| 95.1991
14-Jul-04| 10433 64 678 1.838773| 368.8089| 102.4469
15-Jul-04| 10733 64 696 1.841415| 377.9929| 104.998
16-Jul-04 9970 64 649 1.837017| 353.3327| 98.14798
17-Jul-04| 10791 63 710 1.825391| 388.9125| 108.0313
18-Jul-04| 10837 63 719 1.816507| 395.709| 109.9192
19-Jul-04| 10355 64 670 1.844063| 363.3233| 100.9231
20-Jul-04| 10381 66 656 1.871281| 350.6776| 97.41044
21-Jul-04| 10536 66 667 1.869489| 356.7801| 99.10557
22-Jul-04| 10486 66 662 1.8728| 353.4937| 98.19269
23-Jul-04| 10413 67 647 1.892771| 341.6919| 94.91441
24-Jul-04| 10083 67 623 1.899712| 327.8402( 91.06672
25-Jul-04 8820 68 540 1.910005| 282.9462| 78.59617
26-Jul-04| 10004 66 632 1.8728| 337.2372| 93.67699
27-Jul-04 9923 67 615 1.894947| 324.6893| 90.19148
28-Jul-04| 10021 67 622 1.894325| 328.1539| 91.15386
29-Jul-04| 10091 65 644 1.860718| 345.867| 96.07417
30-Jul-04 9727 65 627 1.848253| 339.244| 94.23444
31-Jul-04| 10595 63 699 1.822507| 383.4601| 106.5167
01-Aug-04| 10703 66 680 1.86523| 364.5657| 101.2683
02-Aug-04| 10546 64 683 1.842297| 370.9577| 103.0438
03-Aug-04 9764 62 653 1.808225| 360.9348| 100.2597
04-Aug-04 3863 61 266 1.77758| 149.651| 41.56971
05-Aug-04| 10559 62 706 1.807195| 390.9246| 108.5902
06-Aug-04| 10592 63 701 1.819633| 384.9916| 106.9421
07-Aug-04| 10146 62 680 1.805961| 376.3529| 104.5425
08-Aug-04| 10285 63 681 1.818199| 374.599| 104.0553
09-Aug-04| 10257 64 664 1.844063| 359.8879| 99.96885
10-Aug-04 9849 64 645 1.829733| 352.7486| 97.98573
11-Aug-04| 10109 64 656 1.840213| 356.6227| 99.06187
12-Aug-04 9855 65 628 1.861919| 337.2131| 93.67031
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13-Aug-04 9939 63 663 1.811064| 365.8621| 101.6284
14-Aug-04| 10524 64 683 1.840925| 370.903| 103.0286
15-Aug-04 9992 65 641 1.853111| 346.1299( 96.14719
16-Aug-04| 10246 61 700 1.785834| 391.9073| 108.8631
17-Aug-04| 10024 65 647 1.847607| 349.9207( 97.2002
18-Aug-04| 10094 65 652 1.846639| 352.875| 98.02083
19-Aug-04| 10269 64 671 1.833513| 365.7753| 101.6043
20-Aug-04| 10815 65 690 1.860718| 370.6711| 102.9642
21-Aug-04| 10837 65 696 1.852502| 375.7095| 104.3637
22-Aug-04| 10866 65 699 1.851165| 377.4247| 104.8402
23-Aug-04| 10771 65 689 1.856526| 371.3381| 103.1495
24-Aug-04| 10735 64 704 1.829074| 384.8465| 106.9018
25-Aug-04| 10447 64 684 1.831185| 373.3763| 103.7157
26-Aug-04 9346 63 615 1.825391| 336.8282| 93.5634
27-Aug-04| 10517 62 704 1.807195| 389.3955| 108.1654
28-Aug-04| 10643 62 714 1.804113| 395.8848| 109.968
29-Aug-04| 10361 62 698 1.799508| 388.0964| 107.8046
30-Aug-04| 10760 63 707 1.827318| 386.7267| 107.4241
31-Aug-04| 10590 63 705 1.812771| 388.8328| 108.0091
01-Sep-04 7675 1.14 0 0
02-Sep-04 316 1.14 0 0
03-Sep-04 7388 61 501 1.792971| 279.4951| 77.63752
04-Sep-04| 10249 63 681 1.813911| 375.679| 104.3553
05-Sep-04| 10718 63 711 1.815814| 391.7543| 108.8206
06-Sep-04| 10729 63 710 1.819633| 389.9664| 108.324
07-Sep-04| 10502 62 707 1.8007| 392.6355| 109.0654
08-Sep-04 9367 63 621 1.817483| 341.548| 94.87443
09-Sep-04| 10380 62 693 1.810289| 382.5403| 106.2612
10-Sep-04| 10160 61 696 1.782824| 390.417( 108.4492
11-Sep-04 9556 60 669 1.761298| 379.9575| 105.5438
12-Sep-04 9801 64 640 1.834513| 348.6092| 96.83588
13-Sep-04 9206 64 604 1.828283| 330.3868| 91.7741
14-Sep-04 8923 64 578 1.842297| 313.8375| 87.17709
15-Sep-04 9636 63 638 1.818069| 351.0514| 97.51429
16-Sep-04 9326 64 605 1.841815| 328.2646| 91.1846
17-Sep-04| 10484 64 688 1.828283| 376.2832( 104.5231
18-Sep-04| 10703 63 707 1.821356| 388.0426| 107.7896
19-Sep-04 9863 64 641 1.83848| 348.8076 96.891
20-Sep-04| 10129 66 640 1.870978| 342.3116| 95.08656
21-Sep-04| 10500 64 679 1.845029| 367.8898| 102.1916
22-Sep-04 9688 63 641 1.819633| 352.1161| 97.81003
23-Sep-04 9841 65 636 1.845834| 344.4217| 95.67269
24-Sep-04 9796 64 635 1.841815| 344.7888| 95.77466
25-Sep-04 9895 64 641 1.842885| 347.7394| 96.59428
26-Sep-04 8993 64 586 1.835263| 319.5345| 88.75957
27-Sep-04 9295 63 617 1.815814| 339.7453| 94.3737
28-Sep-04| 10195 62 685 1.802575| 380.0767| 105.5769
29-Sep-04| 10592 61 726 1.782824| 407.0234( 113.0621
30-Sep-04| 10920 61 741 1.791886| 413.809| 114.9469
01-Oct-04| 11069 61 762 1.77758| 428.8547| 119.1263
02-Oct-04| 10726 62 716 1.810117| 395.3853| 109.8293
03-Oct-04| 10879 63 717 1.823083| 393.4198| 109.2833
04-Oct-04 9942 64 651 1.831185| 355.317| 98.69917
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05-Oct-04 9225 63 608 1.823467| 333.4322| 92.62007
06-Oct-04| 10075 62 673 1.80936| 371.8308| 103.2863
07-Oct-04| 10379 63 687 1.818069| 378.1026| 105.0285
08-Oct-04| 10483 62 700 1.80936| 386.8784| 107.4662
09-Oct-04| 10767 63 714 1.816507| 393.1355| 109.2043
10-Oct-04| 10878 63 716 1.824341| 392.6575| 109.0715
11-Oct-04| 10868 64 707 1.838613| 384.2911| 106.7475
12-Oct-04| 10935 63 727 1.814482| 400.4682| 111.2412
13-Oct-04| 10830 65 692 1.85872| 372.2158| 103.3933
14-Oct-04| 10892 66 689 1.871143| 368.0037( 102.2232
15-Oct-04| 10409 65 669 1.852502| 360.8651| 100.2403
16-Oct-04| 10187 64 660 1.842297| 358.3254| 99.53483
17-Oct-04 8751 65 563 1.850769| 304.129| 84.48026
18-Oct-04| 10559 62 712 1.799508| 395.4898| 109.8583
19-Oct-04| 10895 63 716 1.826836| 391.8494( 108.8471
20-Oct-04| 10665 64 695 1.835423| 378.8413| 105.2337
21-Oct-04| 10800 64 699 1.843421| 379.2529| 105.348
22-Oct-04| 11084 62 744 1.804266| 412.2017| 114.5005
23-Oct-04| 11421 63 756 1.818069| 416.0619( 115.5727
24-Oct-04| 11283 63 749 1.815338| 412.7223| 114.6451
25-Oct-04| 11107 61 763 1.780323| 428.496| 119.0267
26-Oct-04| 10268 63 679 1.819633| 373.2004| 103.6668
27-Oct-04 3326 1.14 0 0
28-Oct-04| 11413 66 724 1.867344| 387.616( 107.6711
29-Oct-04| 11274 64 733 1.838613| 398.627| 110.7297
30-Oct-04| 11017 63 729 1.819633| 400.444( 111.2345
31-Oct-04 9893 64 642 1.840213| 349.0035| 96.94541
01-Nov-04| 10048 64 654 1.837017| 356.0952| 98.91534
02-Nov-04| 10244 63 673 1.826547| 368.5729| 102.3814
03-Nov-04| 10077 65 650 1.846818| 352.1947| 97.83187
04-Nov-04| 10272 67 635 1.898008| 334.7552| 92.98757
05-Nov-04| 10050 67 629 1.882802| 334.2288| 92.84132
06-Nov-04| 10047 64 659 1.829526| 359.9325| 99.98125
07-Nov-04| 10023 63 667 1.812283| 368.2958| 102.3044
08-Nov-04| 10087 63 669 1.816507| 368.3141| 102.3095
09-Nov-04| 10502 65 670 1.859628| 360.503| 100.1397
10-Nov-04 10211 66 648 1.865985| 347.4565| 96.5157
11-Nov-04| 10349 65 662 1.857994| 356.0402| 98.90004
12-Nov-04| 10129 62 681 1.802575| 377.6223| 104.8951
13-Nov-04| 10808 62 729 1.799202| 405.022| 112.5061
14-Nov-04| 10575 62 709 1.805653| 392.4554| 109.0154
15-Nov-04| 10844 62 727 1.805653| 402.4226| 111.7841
16-Nov-04| 10587 63 704 1.813911| 388.0836| 107.801
17-Nov-04| 10749 62 718 1.808741| 397.0596| 110.2943
18-Nov-04| 10664 63 701 1.826547| 383.698| 106.5828
19-Nov-04 9847 64 644 1.832016| 351.4851| 97.63474
20-Nov-04 9996 63 664 1.814482| 366.1001| 101.6945
21-Nov-04| 10807 63 718 1.814482| 395.8028| 109.9452
22-Nov-04| 10358 64 677 1.832016| 369.7302| 102.7028
23-Nov-04| 10665 64 696 1.834825| 379.1569| 105.3214
24-Nov-04| 10574 63 699 1.819633| 384.346| 106.7628
25-Nov-04 9945 64 651 1.831767| 355.1341| 98.64835
26-Nov-04| 11015 65 706 1.854736| 380.7039| 105.7511
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27-Nov-04| 11476 64 751 1.831185| 410.1501 113.9306
28-Nov-04| 11165 64 723 1.843421| 392.0986( 108.9163
29-Nov-04| 10252 64 669 1.834096| 364.8488( 101.3469
30-Nov-04| 10555 63 694 1.826547| 379.7705| 105.4918
01-Dec-04| 10298 65 665 1.845834| 360.4032| 100.112
02-Dec-04 9897 65 635 1.852948| 342.9224| 95.25622
03-Dec-04| 10813 64 704 1.837017| 383.2133| 106.4481
04-Dec-04| 10010 64 649 1.841815| 352.3282| 97.86895
05-Dec-04 9650 61 654 1.793236 364.91| 101.3639
06-Dec-04| 10002 65 645 1.847311| 349.3037| 97.02882
07-Dec-04 9693 62 647 1.80936( 357.7277| 99.36879
08-Dec-04 3729 65 241 1.845834| 130.5114| 36.25317
09-Dec-04 9784 65 629 1.851165| 339.8384| 94.39955
10-Dec-04| 10085 64 662 1.828283| 361.9352| 100.5376
11-Dec-04 9057 63 599 1.819633| 329.1824| 91.43956
12-Dec-04 7739 65 493 1.862903| 264.4334| 73.45372
13-Dec-04 8161 64 530 1.839527| 288.1943| 80.05398
14-Dec-04 9198 65 592 1.849638| 320.1893| 88.94147
15-Dec-04 8991 63 592 1.824813| 324.3125| 90.0868
16-Dec-04 9032 66 568 1.877371| 302.5726| 84.04796
17-Dec-04 8564 64 561 1.830657| 306.2879| 85.07998
18-Dec-04 8792 64 576 1.830657| 314.4469| 87.34636
19-Dec-04| 11265 62 754 1.806809| 417.3304| 115.9251
20-Dec-04| 10847 59 763 1.756828| 434.4065| 120.6685
21-Dec-04| 10221 63 676 1.819633| 371.4878| 103.1911
22-Dec-04| 10965 64 716 1.833831| 390.401| 108.4447
23-Dec-04| 11291 63 751 1.813911| 413.8908| 114.9697
24-Dec-04| 11610 62 783 1.798361| 435.6054| 121.0015
25-Dec-04| 11403 65 734 1.849869| 396.7971| 110.2214
26-Dec-04| 11641 64 761 1.833125| 414.8844| 115.2457
27-Dec-04| 10748 64 699 1.838773| 379.9377| 105.5383
28-Dec-04| 10156 64 661 1.837017| 359.9395| 99.98319
29-Dec-04| 10308 64 675 1.831185| 368.403| 102.3342
30-Dec-04| 10326 64 676 1.830657| 369.3267| 102.5907
31-Dec-04| 10394 63 686 1.8212| 376.9132| 104.6981

mean 61.690| 669.257 1.777| 360.557| 100.155

sd 2.3456| 67.33056| 0.122065| 76.20373| 21.1677

Table 18. Historic daily totalled tailings discharge data for the Sunrise Dam stack
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Appendix F: Model sensitivity analysis

In this appendix, sensitivity analyses are presented for the three new models presented in Chapter 5.
The sensitivity analyses were conducted by changing each of the input parameters of a model by 10%
and 35% in either direction of a control value. Only one parameter was changed at a time, with all of
the other input parameters left on their control values. The predicted beach slope was calculated after

each change was made, and then a percentage change in predicted slope was calculated.

Sensitivity analysis of the Simple empirical model

Parameter -35% -10% Control +10% +35%

Q 13 18 20 22 27
result 2.75 2.33 2.21 2.11 1.90
% change 24.03 5.41 0 -4.65 -13.93
Cw 39.65 54.9 61 67.1 82.35
result 0.94 1.79 2.21 2.68 4.03
% change -57.75 -19.00 0 21.00 82.25

Table 19. Sensitivity analysis figures generated with the Simple empirical model
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Figure 183. Sensitivity plot for the Simple empirical model
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Sensitivity analysis of the a priori beach slope model

Parameter -35% -10% Control +10% +35%

Q 13 18 20 22 27
result 2.73 2.56 2.51 2.47 2.38
% change 8.76 1.99 0 -1.59 -5.18
Cw 39.65 54.9 61 67.1 82.35
result 1.47 1.98 2.51 3.40 9.58
% change -41.43 -21.12 0 35.46 281.67
Radius 110.5 153 170 187 229.5
result 2.45 2.50 2.51 2.53 2.57
% change -2.39 -0.40 0 0.80 2.39
dso 10.4 14.4 16 17.6 21.6
result 2.23 2.44 2.51 2.58 2.73
% change -11.16 -2.79 0 2.79 8.76
Psolids 1.82 2.52 2.8 3.08 3.78
result 1.23 2.17 2.51 2.85 3.68
% change -51.00 -13.55 0 13.55 46.61
Priuid 0.7475 1.035 1.15 1.265 1.5525
result 4.68 2.97 2.51 2.14 1.44
% change 86.45 18.33 0 -14.74 -42.63
Ty 4.6608 6.4535 7.1705 7.8876 9.6802
result 2.31 2.46 2.51 2.59 2.69
% change -7.97 -1.99 0 3.19 7.17
K 0.1234 0.1709 0.1899 0.2089 0.2563
result 2.45 2.50 2.51 2.53 2.57
% change -2.39 -0.40 0 0.80 2.39
n 0.39 0.54 0.6 0.66 0.81
result 2.41 2.48 2.51 2.56 2.74
% change -3.98 -1.20 0 1.99 9.16

Table 20. Sensitivity analysis figures generated with the a priori model
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Sensitivity Plot - a priori model
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Figure 184. Sensitivity plot for the a priori model
Sensitivity analysis of the semi-empirical model
Parameter -35% -10% Control +10% +35%
Q 13 18 20 22 27
result 2.77 2.47 2.38 2.29 2.12
% change 16.39 3.78 0 -3.78 -10.92
Cw 39.65 54.9 61 67.1 82.35
result 0.43 2.18 2.38 2.57 2.39
% change -81.93 -8.40 0 7.98 0.42
Radius 110.5 153 170 187 229.5
result 2.27 2.34 2.38 2.41 2.48
% change -4.62 -1.68 0 1.26 4.20
ds0 10.4 14.4 16 17.6 21.6
result 2.37 2.37 2.38 2.38 2.38
% change -0.42 -0.42 0 0.00 0.00
Psolids 1.82 2.52 2.8 3.08 3.78
result 2.31 2.36 2.38 2.38 2.41
% change -2.94 -0.84 0 0.00 1.26
Phiuid 0.7475 1.035 1.15 1.265 1.5525
result 2.28 2.35 2.38 2.39 2.43
% change -4.20 -1.26 0 0.42 2.10
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Ty 4.6608 6.4535 7.1705 7.8876 9.6802
result 2.16 2.32 2.38 2.43 2.56
% change -9.24 -2.52 0 2.10 7.56
K 0.1234 0.1709 0.1899 0.2089 0.2563
result 2.31 2.36 2.38 2.39 2.44
% change -2.94 -0.84 0 0.42 2.52
n 0.39 0.54 0.6 0.66 0.81
result 2.27 2.34 2.38 2.42 2.60
% change -4.62 -1.68 0 1.68 9.24
Ksp 0.0106 0.0147 0.0163 0.0179 0.022
result 2.86 2.49 2.38 2.27 2.07
% change 20.17 4.62 0 -4.62 -13.03

Table 21. Sensitivity analysis figures generated with the semi-empirical model

Sensitivity Plot - Semi-empirical model
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Figure 185. Sensitivity plot for the semi-empirical model
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Appendix G: Experimental error analysis

Random Error Analysis
Statistical analysis is presented here to determine the random error in the following 4 variables that
were measured in the field flume and small flume experiments:

o Flow rate

e Concentration

e Particle size

e Rheology
The analysis will be presented for the field flume data first, then for the small scale flume data. For all

of these variables the random error is calculated in terms of a confidence interval:

X+ P(£]
Jn
where: X = sample mean
P = area under a normal distribution curve, equal to 1-o,, where
o = 1 — the confidence interval

o = standard deviation of the sample

n = the number of data points in the sample

The P value corresponding to a confidence interval of 95% is 1.96, and for a confidence interval of

90%, P is equal to 1.6449. (Rade & Westergren 1990)

Field flume: Statistical estimation of random errors in flow measurements
Tables 22, 23 and 24 present three series of flow measurements that were recorded in the field flume on
3 different days of experimentation. Each series contains data that was recorded during a single flow

regime, implying that the valves in the slurry feed line were not disturbed during that period.
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Date Time |Elapsed Fill time Flow rate
sf2401 If=s
Descriptive siglistics
Z28-Feb-05 06:45 ao:oo 19.5 12.3
0645 Qo:oo0 19.4 12.4 Mean 11.5019259
06:45 a0:oo 19.9 121 Standard Errar 0.,18324196
0715 0030 20.4 11.8 Median 11.7647059
07:15 00:30 19.7 12.2 Mode 12.0603015
07:15 00: 30 20.2 11.9 Standard Deviation 0.63972015
07:45 01:00 19.9 121 Sample Yariance 0.70512994
07:45 01:00 21 11.4 Kurtosis 1.67658138
07:45 01.00 20.4 11.5 Skewness -1.5944093
0745 01:00 21.3 11.3 Range 2.92231512
07:45 0100 19.9 121 Minirmum 044881589
07:45 01:00 Z1.2 11.3 Maxinnurm 12.371134
05:15 01:30 20,9 11.5 Sum 241.540506
05:1% 01:30 214 11.2 Count 21
0815 01:30 20.2 11.9 Confidence Level{95.0%) | 0.38223603
0842 01:57 25.4 .4
054z 01:57 24 .4 9.8
0g:4z2 01:57 24 .5 Q.7
015 0z:30 20.5 11.7
omls 0z:30 20.2 11.9
0915 0z:30 z20.1 11.9
Duration of measurements: nz:30

Table 22. Random error analysis on flow

rates measured in the field flume (first sample of data)

Date Time |Elapsed [Fill time Flow rate
sf2401 /s
Descriptive siatistics
0&-Mar-05 0636 ao:oo 352 6.8 Mean 6.78209978
0636 0000 36 6.67 Standard Error 0.0359521
0636 a0:oo 36 0.67 Median 6,73213105
0705 o029 35.8 &6.70 Mode =N=1-1-1-1-1-1-¥4
07:05 no:z9 34 .6 6.9 Standard Deviation 0.13493403
0705 no:z9 36.3 6.61 Sample Yariance 0.01820719
07:35 00:59 34 .5 5,96 Kurtosis -1.1439841
0735 00:59 34.9 6,58 Skewness 0.55954469
07:35 0059 4.2 70z Fange 0.40597361
0g:40 0z:04 36 6.67 Minimum 6.61157025
08:40 0z:04 35.7 0,72 Maxinnurm 701754386
0840 0z:04 5.6 6.74 =um 81.3851974
Count 1z
Duration of measurements: 0z:04 Confidence Level{95.0%) | 0.08573299

Table 23. Random error analysis on flow rates measured in the field flume (second sample of

data)
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Date Time |Elapsed Fill time Flow rate
sf2401 If=s
Descriptive siglistics

15-Mar-05% 14:16 Qo:oo0 10.3 23,3 Mean 21.3453524
14:16 a0:oo 10.3 23.3 Standard Errar 0,35755579
14:16 a0:oo 0.1 23.8 Median 20.86956852
14:43 o027y 11.9 20.2 Mode 23.3009709
14:43 0027 11.7 Z20.5 Standard Deviation 1.384580761
14:43 0027 11.3 21.2 Sample Yariance 1.91769212
14:43 o027y 10.5 22,2 Kurtosis -1.0789191
15:13 0057 12 20.0 Skewness 0.59432469
15:13 005y 12.3 19.5 Range 4,25018112
15:13 o057 11.5 20.9 Minirmum 19.,5121951
15:13 o057y 10.5 22.9 Maxinnurm 23.7R2376E
15:36 01:20 12 20.0 Sum 320.180257
1555 01:39 11.5 20,9 Count 15
16:34 0z:1s 11.4 211 Confidence Level{95.0%) | 0.76688039
1634 0z:1s 11.7 20.5

Curation of measurements: nz:1s

Table 24. Random error analysis on flow rates measured in the field flume (third sample of data)

The analysis presented above in Tables 22 to 24 has been summarised below in Table 25.

Mean Q 95% CL CL/Mean
11.5 0.382236 0.0332
6.78 0.085733 0.0126
21.3 0.766881 0.0359

Take error as 3.6% of Q
Table 25. Summary of field flume flow rate random errors.

Table 25 shows that the random error for the flow rate can be described as being Q+3.6%, which
covers all 3 samples tested here. This confidence interval was used in generating the error bars

presented in Figure 48 in section 3.5.1.

Field flume: Statistical estimation of random errors in concentration measurements

The random error analysis for the variation in concentration in the field flume followed the same
method as was used for analysing the flow rate. Table 26 presents three series of concentration
measurements that were recorded in the field flume on 3 different days of experimentation. Each series
contains data that was recorded during a single flow regime, implying that the valves in the slurry feed
line were not disturbed during that period. Table 27 presents the descriptive statistics for each of the 3

samples of concentration data.
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Date Time Elapsed time |Marcy reading
(% solids wjfw)

01-Mar-05 07:36 0o:00 6l
07:56 0o:zo 61
09:37 0z:01 60.5
10:22 0z:46 1.3
10:43 03:12 el.2
15:13 0737 gz.1
12-Mar-05 0754 0o:00 39.5
0g:25 0o:31 39.5
02:00 01:06 38.5
03:29 01:35 39
10:54 03:00 39.5
16-Mar-05 06:30 0o:aa 3.5
0721 0o:51 3.5
07:57 01:27 625
03:44 nz:14 63
03:26 0z:56 6z
10:54 04:24 3.5

Table 26. Samples of concentration data measured in the field flume on three different days

Sample date
01-Mar 12-Mar 16-Mar

Mean 61.18333 39.2 63
Standard Error 0215123 0.2 0.253199
Median 61.1 39.5 £3.25
Maode 6l 9.5 £3.5
Standard Deviation 0526941 0447214 0.632456
Sample Variance 0277667 0.z 0.4
Kurtosis 2162378 0,3125 -0.7812%
Skewness 0.903081) -1.25779 -0.5383939
Range 1.6 1 1.5
Minirmumm 60.5 358.5 (a9
Maximumnm 62.1 39.5 63.5
Sum a67.1 196 3ra
Count =] 5 =]
Confidence Level{35.0%) 0.552991 | 0.555289 0.6637:21

Table 27. Descriptive statistics for each of the three samples of concentration data

Mean Cw 95% CL CL/Mean
61.2 0.55 0.0090
39.2 0.555289 0.0142
63.0 0.663721 0.0105

Take error as 1.5% of
concentration

Table 28. Summary of field flume concentration random errors
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From Table 28 the largest error as a percentage of the mean was found to be 1.42%. From this, a value

of 1.5%of the mean concentration has been adopted as the random error for all the field flume

concentration measurements, and has been used to define the length of the error bars presented in

Figure 50 in section 3.5.1.

Field flume: Statistical estimation of random errors in particle size measurements

Table 29 presents median particle diameters that were measured in the Malvern Particle Sizer at RMIT

University for 4 samples of tailings slurry that were extracted from the field flume. Sample 11 was

tested 4 times, but the other 3 samples were only tested 3 times each. The descriptive statistics for this

data are also presented in Table 29.

Measured ds; values

sample 11 sample 19 sample 16 sample 25
run 1 9.8 8 B.72 8.54
run 2 7.59 5.79 767 837
run 3 747 831 .49 8.34
run 4 7.09

Descriptive Statistics

sample 11 sample 19 sample 16 sample 25
Mean 7.9875 6.7 5.96 9.0833333
Standard Errar 06134524 07778359 03611556 02718047
edian 7.83 5.79 5.72 8.34
Standard Deviation 1.2269845 | 1.3472565 0.6255395 0.4707795
Sample Wariance 15054317 1.8151 0.3913| 0.2216333
Skewness 1.8153475 ) 0299268 1472364 -1.724142
Range 271 2.69 1.15 0.83
Minirnum 7.09 531 5.49 8.54
Maximurm R d /B 937
=um 31.94 201 20.55 2725
Count 4 3 3 3
Confidence Level(30.0%) 1.4437706 227127533 1.054569 0.79536557
CL/Mean 01807537 0.3389965 01515185, 0.087376

Take error as 34% of d50
Table 29. Median particle size data from tailings slurry used in the field flume
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Field flume: Statistical estimation of random errors in rheological measurements

Tables 30 to 35 present rheometric data that was measured in the Contraves Rheomat 115 rheometer at

RMIT University for 6 samples of tailings slurry that were extracted from the field flume. Each sample

was tested twice. The 90% confidence limit is presented at the bottom of each table for the respective

sample. Red figures indicate experimental artefact in the data that results from changing gears in the

rheometer between low and high speeds of bob rotation. The shear stress measured at a shear rate of

100/s was chosen as the test statistic from the rheometric data, because the shear stresses measured at

shear rates of greater interest (around a value of 30/s, which was more representative of the typical

shear rates experienced by the slurry flowing in the field flume) were often affected by this artefact.

Test: w2809 _ 28090 _01
Cw (% wfw): 65.9
D{1Ss) TaulPa) TaulPa)
0.1 3,966 3.554
0.16 3,975 4,263
0.25 3966 4,292
0.4 3.746 4.244
0.63 3,859 4,665
1 4,646 5.614
1.6 6,763 5.594
2.5 9.876 6418
4 10,658 8,861
6.3 13.81 15,31
10 19.7 18.81
16 12.7 14 .53
25 21l.64 4,435
40 22.39 3,965
63 23,19 14 .18
100 24 .24 2311
250 2842 2748
400 32,36 31,11
Mean tau 23.68 23.68
90% CL 3.567

Table 30. Rheometric data for tailings slurry of 65.9% solids by weight
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Test: H2809¢_01 tF28309d_M1
Cw {% wiw): 60.6
D{1/s) TauiPa) TauiPa)
0.1 0.7089 1.178
0.16 0.7472 0.8909
0.25 0.7472 0.85813
0.4 0.7664 0,958
0.63 0.94384 1.197
1 1475 1.8587
1.6 2,701 3.008
2.0 3,966 4.215%
4 5,776 6,16
6.3 F.041 6.897
10 7,319 70958
16 6,131 4,454
25 7913 751
40 8.219 7846
63 8.5583 g.248
100 3.23% &89
250 1143 11.06
400 13.77 13.36
Mean tau .06 .06
90% CL 1.089

Table 31. Rheometric data for tailings slurry of 60.6% solids by weight

Test: w280%e_01 tF28097_M
Cw (% wiw); 56.7
D{1Ss) TaulPa) TaulPa)
0.1 0,958 0.5556
0.16 0.,5939 0.3544
0.25 0.5843 0.3736
0.4 0.6514 04694
0.63 0.8622 0.6501
1 1.619 1427
1.6 2.6082 2.567
2.5 3.056 Z2.864
4 3.238 2,998
6.3 3,353 3,075
10 3.362 3.161
16 2,836 2.031
25 3.659 3.516
40 3,859 3,746
63 4,177 4,062
100 4,569 4.454
250 6,102 5,939
400 7,959 7826
Mean tau 4.51 4.51
90% CL 0.363

Table 32. Rheometric data for tailings slurry of 56.7% solids by weight
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Test: H28099_01  tF2309h_M1
Cw {% wiw): 52.0
D{1/s) TauiPa) TauiPa)
0.1 0.6035 0.7376
0.16 04119 0.6514
0.25 04311 0.6993
0.4 0.5269 0.,7931
0.63 0.8334 1.054
1 1.312 1418
1.6 1437 14585
2.0 1455 1455
4 1.504 1533
6.3 1523 15581
10 1.533 1.619
16 1.351 0.9567
25 1.772 1.667
40 1973 1.868
63 2.1584 2,038
100 2443 2,318
250 3.592 3458
400 6.303 6.035
Mean tau 2,38 2,38
90% CL 0,395

Table 33. Rheometric data for tailings slurry of 52.0% solids by weight

Test: 280%i_M 2809_M
Cw (% wiw); 47.2
D{1Ss) TaulPa) TaulPa)
0.1 0.2682 0.364
0.16 0.191& 0.2778
0.25 0.,2395 0,297
0.4 0.3449 0.3928
0.63 0.5652 0.5939
1 0.6415 0.718%
1.6 0.6706 0.7185
2.5 0.6706 0.7185
4 0.6501 0.7376
6.3 0.718% 0.7664
10 0.7664 0.8143
16 04886 04593
25 0.9196 0.9101
40 1092 1.073
63 1.236 1.188
100 1447 1.389
250 2.654 2.596
400 5,163 .02
Mean tau 142 142
90% CL 0,153

Table 34. Rheometric data for tailings slurry of 47.2% solids by weight
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Test: H2809k_00  tF23091_01
Cw {% wiw): 44.9
D{1/s) TauiPa) TauiPa)
0.1 04886 0.3161
0.16 0.5748 04311
0.25 0.5745 04311
0.4 0.5748 0435311
0.63 0.5748 04311
1 0.5748 04311
1.6 0.5745 04311
2.0 0.,5939 04502
4 0.6227 0479
6.3 0.6418 0479
10 0.6706 0.5269
16 0435311 0.6993
25 0.7951 0.8334
40 0,958 0,958
63 1.073 1.035
100 1,293 1.24%
250 2.606 2,519
400 4.886 4.608
Mean tau 1.27 1.27
90% CL 0,152

Table 35. Rheometric data for tailings slurry of 44.9% solids by weight

From Tables 24 to 29, the ratio of the 90% confidence limit to the mean shear stress measured at 100/s

has been calculated. This is presented in Table 36:

Slurry Cw Mean tau at 100/s  95% CL CL/Mean
65.9 23.68 3.57 0.151
60.6 9.06 1.089 0.120
56.7 4.51 0.363 0.080
52 2.38 0.39 0.166
47.2 1.42 0.18 0.129
44.9 1.27 0.15 0.119
Take error as 17% of shear stress value

Table 36. Summary of mean shear stress and confidence limit statistics for the six concentrations
of slurry tested.

Laboratory flume: Statistical estimation of random errors in flow measurements

Tables 37, 38 and 39 present three series of flow measurements that were recorded in the small scale
laboratory flume on 3 different days of experimentation. Each series contains data that was recorded
during a single flow regime, implying that the pump and the valves in the slurry feed line were not

disturbed during that period.
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Date Time |Elapsed Flow rate
1/ min
Descriptive stalistics
0&-Feb-07 13:39 o0:a0 10.5
13:41 on:oz 10.6 Mean 10,225
1344 00:0s 10.5 Standard Errar 0.05439056
1346 on:o7? 10.5 Median 0.2
13:409 o010 10.4 Maode 10.5
13:50 oo:11 10.3 Standard Deviation 0.21756225
13:54 00:1s 10.2 Sample Yariance 0.04733333
1357 on:1s 0.2 kurtosis -1.152570%9
1402 on:23 i0.2 Skewness 0.3440353
14:05 on:2e 0.1 Range 0.7
14:07 n0:za 10.1 Minimum 9.9
14:09 on:30 1n.1 Maxirnurm 10.6
14:10 003l 10 Sum 163.6
14:14 0n:3s 10 Count 16
14:17 00:3a 9.9 Confidence Level(95.0%) | 0,11593074
14:20 00:41 10
Table 37. Flow measurements recorded in the laboratory flume (first sample of data)
Date Time |Elapsed Flow rate
1/ min
Descriptive statistics
1Z-Feb-07 14:45 on:a0 14.1
14:4%5 o003 14 .2 Mean 14,1125
14:49 0004 14,1 Standard Error 0.0125
14:51 on: 06 141 Median 141
14:53 on:os 14.1 Mode 14.1
14:55 no:i0 14.1 Standard Deviation 0.03535534
14:58 0013 14,1 Sample Yariance 0.00125
15:00 on:15s 141 Kurtosis g
Skewness 282842712
Fange 0.1
rinirnum 14,1
Maxirnurm 14.2
=um 112.9
Count g
Confidence Level{95.0%:) 00295573
Table 38. Flow measurements recorded in the laboratory flume (second sample of data)
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Date Time |Elapsed Flow rate
1/ min
Descriptive stalistics
14-Feb-07 14357 ono: a0 211
14:42 on:0s 21.5 Mean 21425
1444 n0:07 21.5 Standard Errar 011086779
14:47 o010 21.6 Median 21.5
Mode 215
Standard Deviation 0.22173558
Sample Variance 0.04916667
Kurtosis 3.26457914
Skewness -1,719363
Range 0.5
Minimum 21.1
Maxirnurm 21.6
Zum 5.7
Count 4

Confidence Level(95.0%) | 0.352583079

Table 39. Flow measurements recorded in the laboratory flume (third sample of data)

From Tables 37 to 39, a summary of the mean flow rates and confidence limits is presented below in
Table 40, with the ratio of the confidence limit to the mean calculated for each of the three samples.
The largest ratio was 1.65%, so a value of 1.7% was adopted as the random error for the flow rate
measured in the small flume. This error value has been used to size the error bars presented in Figure

52 of section 3.5.1.

Mean Q 95% CL CL/Mean
10.2 0.115931 0.0113
14.1 0.029558 0.0021
21.4 0.352831 0.0165

Take error as 1.7% of Q
Table 40. Summary of flow rate random error statistics

Laboratory flume: Statistical estimation of random errors in fluid specific gravity
measurements

Table 41 presents 4 samples of specific gravity data that were measured during the small flume
experiments, along with the descriptive statistics for each sample group. The coriolis meter used in this

flume displayed a specific gravity reading, so this value was used in this analysis.
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Date Time Elapsed time Specific Gravity Mean

03-Feb-07 10:17 o000 0,993 0,993

13:41 03:24 0,997 0,993

09-Feb-07 12:06 o000 1.000 1.000

12:28 o022 1.000 1.000

12-Feb-07 14:20 o000 0,993 0,993

14:34 0014 0,993 0,993

21-Feb-07 10:55 o000 0,993 0,999

11:36 00:41 1.000 0,999

08-Feb 09-Feh 12-Febh 2-Feb

hean 0.9975 1 0.953 0.989

Standard Error 0.0005 0 0 0.0a1

kedian 0.9975 1 0.953 0.989

Standard Deviation 0.0007 07107 0 0 0.001414214

Sample Variance SE-07 0 0 0.000002

Range 0.0a1 0 0 0.002

kinirmurm .98y 1 0.953 0.953

Maximum 0.953 1 0.953 1

Surm 1.995 2 1.995 1.993

Count 2 2 2 2

Confidence Level(95.0%) 0.005353102 0 0 0.012705205

Table 41. Concentration measurements from the small flume experiments, with the descriptive

statistics presented below.

From Table 41 a summary of the relevant statistics has been presented below in Table 42 to determine

the applicable error for the data population.

Mean SG 95% CL CL/Mean
1.00 0.01 0.0064
1 0 0.0000
0.998 0 0.0000
0.999 0.012706 0.0127

Take error as 1.3% of
concentration

Table 42. Summary of the statistics applicable to the specific gravity data recorded in the small

flume

Table 42 shows that the maximum ratio of the confidence limit to the mean recorded specific gravity

was 0.0127, so a random error value of 1.3% has been adopted for this variable. This error value has

been used to size the error bars presented in Figure 54 of section 3.5.1.

Tailings beach slope prediction

Tim Fitton




Appendices 355

Laboratory flume: Statistical estimation of random errors in particle size
measurements
Figure 186 presents 3 particle size curves that were generated by performing sieve analysis on 3

samples of crushed glass particles from the same “mid” population of particles.

Particle size curve for open graded "mid" crushed
glass particles

100.0
90.0 -
80.0 -

70.0 -
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50.0 - —=— Sample 2
40.0 -
30.0 -
20.0
10.0
0.0 - ‘
100 1000 10000

Particle diameter (micron)

—a—Sample 3

Undersize (%)

Figure 186. Particle size curves for 3 samples of the “mid” crushed glass particles used in the
small scale laboratory flume.

The ds, value was selected as the most relevant statistic to analyse for random error from this data. The
respective dsy values of the 3 samples are displayed more clearly in Figure 187, where the horizontal

axis is presented as a normal scale and the domain of interest is zoomed in.
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Particle size curve for open graded "mid" crushed

glass particles (magnified dso zone of interest)
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Figure 187. Particle size data from Figure 186, presented with the ds, region in clearer view

From Figure 187, the ds, values for samples 1, 2 and 3 respectively are found to be 535 pm, 592 um
and 567 pm. The mean and 95% confidence limit were calculated for this sample of 3 data points, and

are presented below in Table 43.

Meandsy 95% CL  CL/Mean
564.6 70.97566 0.125

Take error as 13% of ds,
Table 43. Summary of random error statistics for dsy in the small flume experiments

The random error of £13% has been used in Figure 53 in section 3.5.1 for sizing the 95% confidence

interval error bars.

Laboratory flume: Statistical estimation of random errors in rheology measurements
Table 44 presents shear stress measurements for 4 non-Newtonian fluids that were run in the small
scale laboratory flume. Each fluid was tested 3 times in a Contraves rheometer. The selected statistic

for analysis is the shear stress at a shear rate of 146/s.

Tailings beach slope prediction Tim Fitton




Appendices

357

Fluid Carbopol
Test no. 070207 a 070207k 070207
Di=-1) TauiPa) TaulPa) TauiPa)
146 1.341 1.245 1,293
Mean tau 1.29 1.29 1.29
95% CL 0.119239
Fluid CMC
Test no. 080207z 080702k 080702
Di=-1) TaulPa) TaulPa) TaulPa)
146 6.418 6.37 6.37
Mean tau 6,39 6.39 6.39
95% CL 0.0655842
Fluid CMC diluted
Test no. 1202072 120207k 120207
Di=-1) TaulPa) TaulPa) TaulPa)
146 3.88 3.832 3,928
Mean tau 3.88 3.88 3.85
95% CL 0.119239
Fluid CMC2 xxdl
Test no. 1902073 190207k 190207
Di=-1) TaulPa) TaulPa) TaulPa)
146 26354 2634 2634
Mean tau 2.63 2.63 2.63
Q5% CL 0

Table 44. Rheometric data for 4 fluids used in the laboratory flume, each tested 3 times.

Fluid Mean tau at 146/s 95% CL CL/Mean
Carbopol 1.29 0.12 0.0922
CMC 6.39 0.069 0.0108
CMC diluted 3.88 0.119 0.0307
CMC2 xxd 2.63 0.00 0.0000
Take error as 9.3% of shear stress value

Table 45. Summary of statistics for the rheometric measurement of fluids from the small flume.

Table 45 shows that the largest ratio of the confidence limit to the mean shear stress at 146/s was
0.0922. This value has been used to adopt a random error in rheology data as £9.3%. This error value

was then used in sizing the error bars presented in Figure 55 in section 3.5.1.

Field flume measurement error analysis

The following exercises were undertaken to determine the worst possible logged value for a measured
variable in the field flume, within the limitations of the estimated accuracy associated with each
individual measurement that contributed to the logged measurement for that variable. Table 5,
presented in section 3.5.2, contains estimates of the accuracy of each measurement made in the
experimental work. In such cases where only one measurement was required to log of a variable (such
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as recording the slurry temperature with a thermometer), a worst-case scenario analysis was not made
because that logged measurement would be equal to the measured temperature plus or minus the
accuracy of the thermometer. However, for the measurement of the flow rate, the slope of the flume,
and the concentration of the slurry, more than one measurement was required in order to log a final
value. This work calculates the maximum possible error that could occur in the logging of each of

these three variables.

Flow rate measurement
For the measurement of the flow rate in the field flume, the time taken for the flow measuring box to be
filled had to be measured. This introduced 4 sources of measurement error:

e the accuracy of a hand-held digital stopwatch (+ 0.1 s)

e the human reaction time in starting a stopping the watch (£ 0.14 s)

e the measurement of the dimensions of the flow measuring box with a tape measure (+ 0.01 m)

o the effect of waves on the fluid surface level (= 0.01 m for flows less than 12 1/s, = 0.02 m for

flows greater than 12 1/s)

The human reaction time in starting and stopping the stopwatch was determined through a series of
simple experiments. The person operating the stopwatch was asked to start the instrument and then

stop it on the 5 second mark. This was done 8 times, with the following recorded data being logged:

Reaction time exercise
Try to stop stopwatch on 5.0s

Trial time Mean St Dev
51 5.08 0.07
5.1
5.0
5.2
5.0
5.0
5.1
5.1
Table 46. Human reaction time in operating a stopwatch

From Table 46 it was found that the human error involved in stopping the stopwatch was +0.07 s. It

was reasoned that such a reaction time would also apply in starting the stopwatch to coincide with the
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filling of the flow measuring box. This equates to an estimated human error of +0.14 s with every flow
measurement. Adding the resolution of the stopwatch of +0.1 s to this, the worst possible error in the

recorded time would be £0.24 s.

The plan dimensions of the flow measuring box were 1.2 x 1.0 m. For most measurements a depth of
0.2 m was used, giving a capacity of 240 litres to the box. The largest flow rate recorded was 24 1/s, so
the expected time to fill would be 10 s. With the estimated accuracy of the tape measure at 1 cm, and
the wave effect in the tank making the level measurement accurate to 2 cm for a flow greater than 12
I/s, in the worst case, the volume would be measured at a minimum of 1.19 x 0.99 x 0.18 m, or a

maximum of 1.21 x 1.01 x 0.22 m.

There are 4 foreseeable worst case scenarios that can be drawn from this combination of errors:

Scenario A: Actual flow rate = 24 I/s.
Tank dimensions: 1.19 x 0.99 x 0.18
Time = 10.24s

Calculated flow rate = 20.7 I/s

Error=-3.3 /s or-13.7%

Scenario B: Actual flow rate = 24 I/s.
Tank dimensions: 1.21 x 1.01 x 0.22
Time=9.76s

Calculated flow rate = 27.5 /s

Error = +3.5I/s or 14.6%

Scenario C: Actual flow rate = 12 I/s.
Tank dimensions: 1.19 x 0.99 x 0.18
Time = 20.24s

Calculated flow rate = 10.5 I/s

Error=-1.51/s or-12.5%

Scenario D: Actual flow rate = 12 |/s.
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Tank dimensions: 1.21 x 1.01 x 0.22
Time =19.76 s
Calculated flow rate = 13.6 I/s

Error=+1.6 l/s or 13.4%

The worst of these 4 scenarios suggest that the flow measurement is accurate to £14.6 %.

Concentration measurement

The measurement of concentration in the field flume was done with a Marcy balance. The dial of the

balance could be read to a resolution of 0.1 % w/w. The plastic bucket was estimated to hold 1000 +

5 ml. It was assumed that the spring in the balance exhibited linear elasticity, and that the empty

bucket registers a reading of 0% w/w. From these two sources of error, the following 4 worst case

scenarios were tested:

Scenario A: Actual slurry concentration = 66 % w/w.

Volume of sample: 995 ml

Scale registers 66 x 99.5% = 65.7% w/w
Dial reading error of -0.1% w/w

Dial reading: 65.6 % w/w

Error =-0.4 % w/w or 0.6% abs

Scenario B: Actual slurry concentration = 66 % w/w.

Volume of sample: 1005 mi

Scale registers 66 x 100.5% = 66.3% w/w
Dial reading error of +0.1% w/w

Dial reading: 66.4 % w/w

Error = +0.4 % w/w or 0.6% abs

Scenario C: Actual slurry concentration = 25 % w/w.

Volume of sample: 995 ml
Scale registers 25 x 99.5% = 24.9% w/w

Dial reading error of -0.1% w/w
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Dial reading: 24.8 % w/w

Error =-0.2 % w/w or 0.8% abs

Scenario D: Actual slurry concentration = 25 % w/w.
Volume of sample: 1005 mi

Scale registers 25 x 100.5% = 25.1% w/w

Dial reading error of +0.1% w/w

Dial reading: 25.2 % w/w

Error = +0.2 % w/w 0.8% abs

The worst of these 4 scenarios suggest that the concentration measurement is accurate to £0.8 %.

Slope measurement
The measurement of a slope in the field flume was done optically by sighting a mark on the A-frame
relative to the position of the flume. The marks on the A-frame were drawn on with a texta marker, in
locations decided with the use of a surveyor’s automatic level. This presents 3 sources of error:

e Parallax error in reading the mark on the A-frame (£2 mm)

e  Making the initial marks on the A-frame (£2 mm)

e  Accuracy of the automatic level (£1 mm)
The accuracy of the level was checked with a standard 3 point test. The base of the levelling staff was
kept clean and free from mud or other material that could corrupt its height.
With these 3 sources of error all being of the same units, it makes the worst scenario analysis easy. The
three of them are added together to give a maximum error of £5 mm. Only one scenario needs to be

calculated from this:

5 mm maximum compounded error in height at the downstream end of the flume
over 10 m horizontal length of flume
0.005/10= 0.0005

This is a 0.05% slope error

The findings of this measurement error analysis have been summarised in Table 5 in section 3.5.2.
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Small scale laboratory flume measurement errors

In the small scale laboratory flume the measurement of the relevant variables was made much easier
with the use of the coriolis meter. It was able to record the flow rate, concentration and temperature of
the slurries to high accuracies in a single measurement. The accuracies presented by the manufacturer

of the coriolis meter have been presented in Table 5 in section 3.5.2.

Slope measurement
The only variable in the small scale flume experiments that was susceptible to the compounding of
errors from more than one measurement was the slope. The measurement of a slope in the small scale
flume was done optically by measuring the gap between the flume and the building structure with a
tape measure. The elevation of the structure relative to the pivotal point of the flume was measured
with a laser level. This presented 2 sources of error:

e  Accuracy of measuring the gap between the flume and the structure (£2 mm)

e  Accuracy of the laser level (£2 mm)
The accuracy of the level was checked with a standard 3 point test. With these 2 sources of error being
of the same units, this gives a maximum error of #4 mm. Only one scenario needs to be calculated

from this:

4 mm maximum compounded error in height at the downstream end of the flume
over 5.4 m horizontal length of flume
0.004/5.4= 0.000741

This is a 0.07% slope error

The findings of this measurement error analysis have been summarised in Table 5 in section 3.5.2.
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Appendix H: Small scale flume equilibrium slope data

Table 47. Summary of equilibrium slope data observed in the small scale flume

Flow
Date Time  Fluid Particles rate Slope Depth
(/min)  (fraction) (mm)
31-dJan-07 12:05 Water Crushed glass 9.4 0.014 14
02-Feb-07 11:30 Water Crushed glass 7.2 0.010 13
02-Feb-07 12:00 Water Crushed glass 9.0 0.018 12
02-Feb-07 12:31  Water Crushed glass 17.6 0.033 15
06-Feb-07 10:53 Water Crushed glass 10.3 0.018 14
07-Feb-07 11:01  Water Crushed glass 24.0 0.007 22
07-Feb-07 14:20 Carbopol Crushed glass 21.1 0.010 30
07-Feb-07 14:49 Carbopol Crushed glass 18.1 0.012 23
07-Feb-07 15:14  Carbopol Crushed glass 14.3 0.013 18
08-Feb-07 12:05 Carbopol diluted Crushed glass 20.9 0.012 21
08-Feb-07 12:16  Carbopol diluted Crushed glass 23.8 0.017 21
08-Feb-07 12:26  Carbopol diluted Crushed glass 17.5 0.018 18
08-Feb-07 13:38 Carbopol diluted Crushed glass 12.5 0.010 16
08-Feb-07 14:20 Carbopol diluted Crushed glass 10.0 0.008 14
09-Feb-07 15:23 CMC Crushed glass 11.9 0.072 17
09-Feb-07 15:33 CMC Crushed glass 17.9 0.076 18
09-Feb-07 15:58 CMC Crushed glass 6.7 0.040 17
09-Feb-07 16:20 CMC Crushed glass 21.0 0.056 20
12-Feb-07 10:35 CMC diluted Crushed glass 11.7 0.035 18
12-Feb-07 10:40 CMC diluted Crushed glass 16.6 0.043 17
12-Feb-07 10:54 CMC diluted Crushed glass 215 0.042 20
12-Feb-07 14:07 CMC diluted Crushed glass 10.5 0.016 19
12-Feb-07 14:41 CMC diluted Crushed glass 19.4 0.037 17
12-Feb-07 15:01 CMC diluted Crushed glass 141 0.027 17
13-Feb-07 11:16 CMC2 Fine crushed glass 6.0 0.063 15
13-Feb-07 11:29 CMC2 Fine crushed glass 211 0.077 19
13-Feb-07 11:54 CMC2 Fine crushed glass 15.1 0.059 19
13-Feb-07 14:16 CMC2 Fine crushed glass 18.3 0.049 21
13-Feb-07 14:31 CMC2 Fine crushed glass 13.0 0.045 19
13-Feb-07 14:44 CMC2 Fine crushed glass 10.5 0.041 19
13-Feb-07 15:.02 CMC2 Fine crushed glass 8.3 0.033 19
14-Feb-07 11:07 CMC2 diluted Fine crushed glass 10.8 0.049 17
14-Feb-07 11:13 CMC2 diluted Fine crushed glass 20.3 0.043 21
14-Feb-07 11:29 CMC2 diluted Fine crushed glass 16.8 0.042 19
14-Feb-07 11:32 CMC2 diluted Fine crushed glass 14.5 0.039 19
14-Feb-07 11:37 CMC2 diluted Fine crushed glass 11.7 0.036 18
14-Feb-07 11:42 CMC2 diluted Fine crushed glass 9.1 0.031 17
14-Feb-07 11:45 CMC2 diluted Fine crushed glass 7.0 0.029 16
14-Feb-07 11:51 CMC2 diluted Fine crushed glass 6.0 0.026 16
14-Feb-07 12:06 CMC2 diluted Fine crushed glass 5.2 0.019 16
14-Feb-07 14:48 CMC2 further diluted  Fine crushed glass 21.6 0.042 19
14-Feb-07 14:59 CMC2 further diluted  Fine crushed glass 18.9 0.041 18
14-Feb-07 15:07 CMC2 further diluted Fine crushed glass 17.7 0.036 18
14-Feb-07 15:11  CMC2 further diluted Fine crushed glass 16.4 0.034 19
14-Feb-07 15:16 CMC2 further diluted Fine crushed glass 15.1 0.028 19
14-Feb-07 15:22 CMC2 further diluted Fine crushed glass 14.0 0.019 19
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14-Feb-07 15:31 CMC2 further diluted  Fine crushed glass 12.8 0.026 18
14-Feb-07 15:35 CMC2 further diluted  Fine crushed glass 11.8 0.024 18
14-Feb-07 15:39 CMC2 further diluted Fine crushed glass 10.8 0.020 19
14-Feb-07 15:52 CMC2 further diluted Fine crushed glass 8.9 0.017 18
14-Feb-07 15:57 CMC2 further diluted Fine crushed glass 7.8 0.019 17
14-Feb-07 16:04 CMC2 further diluted Fine crushed glass 6.7 0.019 17
14-Feb-07 16:09 CMC2 further diluted Fine crushed glass 57 0.014 17
14-Feb-07 16:18 CMC2 further diluted Fine crushed glass 4.8 0.011 16
15-Feb-07 10:50 CMC2 xd Fine crushed glass 21.3 0.037 19
15-Feb-07 10:53 CMC2 xd Fine crushed glass 20.1 0.034 19
15-Feb-07 10:56 CMC2 xd Fine crushed glass 19.3 0.031 19
15-Feb-07 11:01 CMC2 xd Fine crushed glass 18.1 0.030 18
15-Feb-07 11:07 CMC2 xd Fine crushed glass 17.1 0.027 19
15-Feb-07 11:11  CMC2 xd Fine crushed glass 16.0 0.025 18
15-Feb-07 1540 CMC2 xxd Fine crushed glass 22.9 0.025 19
15-Feb-07 16:09 CMC2 xxd Fine crushed glass 9.8 0.014 17
15-Feb-07 16:25 CMC2 xxd Fine crushed glass 5.3 0.017 14
19-Feb-07 14:02 CMC2dd Fine crushed glass 22.9 0.018 17
19-Feb-07 14:17 CMC2 dd Fine crushed glass 17.6 0.022 15
19-Feb-07 14:31 CMC2dd Fine crushed glass 15.9 0.018 15
19-Feb-07 14:54 CMC2dd Fine crushed glass 14.2 0.022 14
19-Feb-07 15:03 CMC2dd Fine crushed glass 11.9 0.014 15
20-Feb-07 10:44 CMC2 ddd Fine crushed glass 22.7 0.017 17
20-Feb-07 10:54 CMC2 ddd Fine crushed glass 21.9 0.018 17
20-Feb-07 11:05 CMC2 ddd Fine crushed glass 18.8 0.015 16
20-Feb-07 11:14 CMC2 ddd Fine crushed glass 16.9 0.015 15
20-Feb-07 11:23 CMC2 ddd Fine crushed glass 15.6 0.015 15
20-Feb-07 12:04 CMC2 ddd Fine crushed glass 12.3 0.015 14
20-Feb-07 12:21 CMC2 ddd Fine crushed glass 10.9 0.009 15
20-Feb-07 14:21 CMC2 d4 Fine crushed glass 225 0.005 22
20-Feb-07 14:28 CMC2 d4 Fine crushed glass 19.9 0.006 20
20-Feb-07 14:41 CMC2 d4 Fine crushed glass 16.0 0.004 19
20-Feb-07 14:50 CMC2 d4 Fine crushed glass 14.8 0.005 18
20-Feb-07 15:01 CMC2 d4 Fine crushed glass 13.4 0.003 18
20-Feb-07 15:15 CMC2 d4 Fine crushed glass 11.4 0.002 18
21-Feb-07 11:41  Water Coarse crushed glass 23.2 0.016 18
21-Feb-07 11:55 Water Coarse crushed glass 19.5 0.014 18
21-Feb-07 12:01  Water Coarse crushed glass 15.3 0.012 16
21-Feb-07 12:15 Water Coarse crushed glass 12.5 0.012 15
21-Feb-07 12:27 Water Coarse crushed glass 10.0 0.006 15
21-Feb-07 13:53 CMCw Coarse crushed glass 21.9 0.018 18
21-Feb-07 14:00 CMCw Coarse crushed glass 18.0 0.016 17
21-Feb-07 14:07 CMCw Coarse crushed glass 141 0.011 16
21-Feb-07 14:14 CMCw Coarse crushed glass 11.8 0.009 15
21-Feb-07 14:25 CMCw Coarse crushed glass 8.6 0.008 13
21-Feb-07 14:36 CMCw Coarse crushed glass 22.4 0.014 19
21-Feb-07 14:53 CMCw Coarse crushed glass 19.7 0.015 18
21-Feb-07 14:57 CMCw Coarse crushed glass 16.1 0.014 16
21-Feb-07 15:.06 CMCw Coarse crushed glass 10.5 0.010 14

Table 16. Summary of equilibrium slope data observed in the small scale flume
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Appendix I: Small scale flume experiments - Refractive
error correction

The refractive error in the glass pipe of the small flume was quantified via a series of optical
experiments. A small vertical scale was set up inside the glass pipe, with a steel ruler used outside the
pipe to measure the apparent depth in relation to the actual depth shown by the small scale inside the
pipe. The steel ruler was used on both the near and far sides of the pipe repeatedly for each

measurement to avoid parallax errors. Photos of this operation are presented below:

Figure 188. Photographs of optical experiments conducted to overcome the refractive errors in
the pipe, which were based on relating the actual depth inside the pipe to outside measurements.

Apparent depth from outside vs actual depth
__ 50
£ A
= 2 y = 0.9019x - 1.7078
§ | R? = 0.9998
T 20
©
,3 10 *
< 0 : : : :

0 10 20 30 40 50
Apparent depth as measured from outside (mm)

Figure 189. Plot of observed data with fitted line.

The mathematical expression of the fitted line was adopted throughout the data analysis for
determining the actual depth as a function of the apparent depth measured from outside the pipe with

the steel ruler.
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Appendix J: Small scale flume experiments -
Rheological data and model fitting

This appendix contains all of the rheograms that were recorded for the 13 non-Newtonian fluids used in
the small scale laboratory flume at RMIT University, along with the rheological model curve that has
been fitted. The rheological analysis was performed in a Contraves Rheomat 115 rheometer, which is
described in some detail in section 3.3.13. Each of the 13 fluids was tested 3 or more times in the
rheometer at the same temperature that it was under in the laboratory flume. The parameters for the

rheological model fits are presented in Table 3 in section 3.4.7.

Many of these rheograms exhibit a turbulent vortice artefact, where the measured shear stress was seen
to climb dramatically from a certain shear rate value, in an apparent display of shear thickening. The
rheogram for the Carbopol solution, presented immediately below as Figure 190, provides a good
example of this artefact, where it can be seen that the shear stress data suddenly climbed away from the

fitted curve at a shear rate of about 290/s. This artefact has been discussed in more detail in section

34.7.
Carbopol rheogram
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Figure 190. Rheograms with model fit for the Carbopol fluid used in the small flume
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Carbopol diluted rheogram
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Figure 191. Rheograms with model fit for the “Carbopol diluted” fluid used in the small flume

CMC rheogram
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Figure 192. Rheograms with model fit for the “CMC” fluid used in the small flume
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CMC diluted rheogram
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Figure 193. Rheograms with model fit for the “CMC diluted” fluid used in the small flume

CMC2 rheogram
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Figure 194. Rheograms with model fit for the “CMC2” fluid used in the small flume
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CMC2 diluted rheogram
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Figure 195. Rheograms with model fit for the “CMC2 diluted” fluid used in the small flume

CMC2 further diluted rheogram

Shear stress (Pa)

0 100 200 300 400 500 600
Shear rate (1/s)

Figure 196. Rheograms with model fit for the “CMC?2 further diluted” fluid used in the small
flume
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CMC2 xd rheogram
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Figure 197. Rheograms with model fit for the “CMC2 xd” fluid used in the small flume

CMC2 xxd rheogram
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Figure 198. Rheograms with model fit for the “CMC2 xxd” fluid used in the small flume
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CMC2 dd rheogram
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Figure 199. Rheograms with model fit for the “CMC2 dd” fluid used in the small flume

CMC2 ddd rheogram
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Figure 200. Rheograms with model fit for the “CMC2 ddd” fluid used in the small flume
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CMC2 d4 rheogram
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Figure 201. Rheograms with model fit for the “CMC2 d4” fluid used in the small flume

CMC w rheogram
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Figure 202. Rheograms with model fit for the “CMC w” fluid used in the small flume
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Appendix K: Water density adjustment for temperature

The following density data, presented by W.L. Switzer of the North Carolina State University, was
accessed on the internet on the 8" March 2007 