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Generalidades

Comunidades relevantes

Congresos:
Relaves

Tailings (Santiago)
Tailings & Mine Waste
IMPC

Flujo y espesamiento de lodos
Hydrotransport
Paste
Fluimin
Optimus Pipe
SOCHID/IAHR

Gestión y manejo de agua
Water in mining
LatAm Mine Waste Summit

Journals:
Minerals Engineering
Journal of Cleaner Production
Int. J. of Water Reclamation
Minerals
Física de fluidos y mezclas (JFM,
PoF, JNNFM, PT, JoR, RA, etc.)
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Introducción al manejo de relaves

Formas de manejo de relaves

1 Sistemas de transporte de material seco
(relaves filtrados)

2 Sistema de transporte hidráulico (relaves
convencionales/alta densidad/pasta)
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Sistemas de transporte de material seco/húmedo
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Introducción al manejo de relaves

¿Cuándo usar sistemas de transporte hidráulico?
(o sistemas de transporte a granel)

1 Distancias son muy largas
2 Desaguar no es opción (inversión,

tecnología de planta, etc.)
3 No hay infraestructura auxiliar para el

manejo de material seco
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Figure 2 . Coal transportation costs (6)  

A major economic study conducted by Lee (6), looked at various coal transport 
systems, including slurry pipelines. Lee states that the vast majority of data relating to
coal transport originates from the USA, although some cost figures have been obtained
which stem from West Germany. Figure 2 shows the estimated costs for different 
methods of coal transport. The curves for slurry pipeline, barge and rail apply to the USA
only, and Lee states that these values may vary significantly for other countries.  

As with Figure 1 the costs are shown in proportionate terms to suppress the effects of 
inflation. It is interesting to note that pipeline transport is shown as being less economic
than rail transport when existing rail is utilised, but becomes more attractive when new or
upgraded rail has to be used. There are some differences between Figures 1 and 2 as 
shown by the cross over points for conventional pipelines and upgraded rail. These reflect
differences in the assumptions, both engineering and economic. It must be stressed that in
reality, the curves represent a range of values and, therefore, in some situations, pipeline
transport may be cheaper, irrespective of type of rail system used. Although river
transport is the most economic proposition, it is only applicable where suitable navigable
waterway systems exist, such as the Rhine or Mississippi regions.  

Design of slurry transport systems     278 
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 December 2008 • Volume 1, Number 1  5

Providing a large 
diameter pipeline

for future use initially 
means pumping 
significant extra 

quantities 
of water to the 

refinery.

future demand, the pipeline must be oversized 
until that demand is met. This means that batch 
pumping is required, which is operationally 
expensive because significantly more water than 
ore is delivered to the refinery. If the maximum 
future bauxite demand is met early, this could be 
an acceptable option because the high operating 
cost associated with pumping large quantities of 
water is limited in time.

COMPARISON OF RAIL AND PIPELINE SYSTEMS 

Table 2 compares the attributes and 
differences of the rail and pipeline long-

distance transport systems.

Many factors may make a pipeline more 
favorable. For example, if a transport site is long, 
located in rugged terrain, has safety and security 
concerns, and/or is located in environmentally 
sensitive areas or crosses numerous creeks, then 
the case for pipeline could be strong.

PIPELINE SYSTEM DESIGN CONSIDERATIONS

This section presents an overview of the key 
elements to be considered when designing 

a pipeline transport system. These elements are 
focused on water supply, slurry properties, and 
pipeline design. 

Water Supply
A reliable water supply is essential. The water 
resource should be located near the slurry 
preparation area, with continuous supply to 
meet the demand. The water supply scheme 
generally involves an off-take weir from a local 
stream, with a pump station and a pipeline to 
a storage dam. The storage dam is needed to 
accommodate seasonal variations in stream flow. 
A pump transfers water to the grinding circuit 
for slurry preparation.

If water resources are scarce, a return water 
pipeline may be necessary from the dewatering 
facility at the refinery back to the mine, at 
increased project cost.

Table 2.  Comparison of Rail and Pipeline Attributes and Differences

SELECTION FACTOR RAIL PIPELINE

Distance • Suited to 100+ km 
• Cut and fi ll quantities important

• Suited to 100+ km
• Potentially higher cost BEP

Constructability – Rugged Terrain

• Heavy equipment for sleeper plant 
    (in country), track, and bridge 
    construction
• High earthworks

• Pipeline simpler to construct, 
    with minimal earthworks

River Crossings • High cost for bridges and culverts • Stream crossings simpler and cheaper
   (buried under stream bed)

Water Requirements • Minor • Water supply required for slurry 
    preparation

Future Expansion • Additional rolling stock 
• Sidings

• No expansion unless initially undersized
    or designed as batch transfer 
• Large diameter for future use means
    signifi cant extra quantities of water

Security and Interference • Exposed to risk from human and 
    environmental infl uences

• Better protected and thus more secure
    because buried

Safety – Local Population • Exposure to moving equipment • Bauxite is enclosed in buried pipeline

Environmental – Habitats • Can restrict fauna movement
• Low impact – Lower requirement for
    clearing because footprint is small 
• Habitat not cut off or isolated

Environmental – Noise and Dust • Moderate to high impact • Low impact – No noise or dust issues
   except during construction

Community – Impact of Route • High impact 
• Larger deviations result in longer route

• Low impact – Can deviate easily 
• Fewer resettlement issues
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Tuberías vs canaletas

Característica Canaletas Tuberías

Fuerza motriz gravedad gravedad + bombas
Longitud de trazado arbitraria arbitraria
Pendiente de trazado negativa arbitraria (según impulsión

disponible)
Control de flujo limitado flexible
Límite de operación velocidad y altura velocidad y presión
Mantenibilidad fácil acceso a interior sistema confinado
Capacidad velocidad y altura velocidad y presión
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Disipación de energía

Canaletas

 

8 

Fotografía 3-2: Rápidos de Descarga 

  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
  
  
  

 
 
 
 
 
 
 
 
 
 
 
c) Cajones de Caída 
 
La función de los cajones de caída es permitir cambios bruscos de cota de la canaleta, para mantener 
la pendiente del 1,2 % del trazado y disipar la energía excedente en forma tal que no cause daños a las 
paredes de este. El trazado del STR posee 33 cajones de caída. En la Fotografía 3-3 se presenta un 
Cajón de Caída. 
 

Fotografía 3-3: Cajón de Caída 

 

Tuberías
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Gradiente hidráulico (HG)

Definición
Pendiente de la línea
de energía del sistema

1 Pérdidas singulares
despreciables (a
menos que se trate de
instalaciones de
disipación)

2 Altura de velocidad
despreciable

HG =
B1 −B2

L
≈ fL

D

v2

2g
(1)

En este caso se tiene que
f = F (Re,He).

Viscosidad plástica

In the absence of accurate, quantitative models for the identifica-
tion of maximum idle times or optimal pipeline routes, a common
workaround to avoid the question of safe shutdown times is to push
the concentrate out of the line by refilling it with water.1 While this
kind of operation would avoid the potential problem of dealing with
unacceptably large amounts of solids settled at low points, it needs
to be a carefully assessed procedure: it requires spending thousands
of cubic meters of water per operation and, depending on the avail-
able facilities to accumulate material while the system is stopped,
this kind of intermediate solution might or might not be feasible.
This argument suggests that not only energy and water, but also in-
frastructure costs, including extensions of traditional holding capaci-
ties, should be put together with water batching (economical and
environmental) and their corresponding carbon and water footprints
(Ihle, in press). Despite probably 10 or 15 years ago this approach
would have been deemed unfeasible from the capital cost point of
view, now that energy and water availability, along with their costs,
are becoming decision drivers in several present large scale mining
projects, the consideration of a broader range of operational scenarios
becomes necessary and may mark the difference between a doable
and an unfeasible project, not only in an economical sense, but also
concerning the fulfillment of environmental and social demands.

7. Conclusions

In the present work, an optimization problem to find best opera-
tional conditions from the energy and water consumption stand-
points has been implemented as a proof of concept of the relevance
of such variables, not only from the economical point of view, but
also as a means of assessing other, more subjective factors, such as
water scarcity and possible instabilities on the energy support. In
the example referred herein, resembling some aspects of real sys-
tems, two distinct regimes, namely low- and high-water cost ones
have been found depending on the reference cost of the process
water required for hydraulic transport. A comparison with typical,
sub-optimal values appear to yield costs between about 16% and
28% higher than in the optimized cases. Given the increasingly higher
price of oil and gas and the recurrent necessity to deliver desalinated

seawater through several hundred kilometers, sub-optimal costs
might significantly enhance the gap with optimal ones in the fu-
ture, and possibly imply a multi-million dollar yearly additional
operational cost, depending on the size of the slurry transport
system.

The optimal output found here require, in general, operations at
higher concentrations than in typical pipeline designs. Given the
goal throughput conditions, they may also require to operate a signif-
icantly smaller part of the available time, which would also require a
different operational logic and engineering criteria in terms of con-
centrate holding and transport infrastructure.

List of symbols
cE unit cost of energy, in currency/J
Cp solids fraction by weight
cW unit cost of water, in currency/m3

dRR Rosin–Rammler size parameter (Eq. (1))
D pipeline diameter
E energy required for solids hydraulic transport
fD Darcy friction factor
g magnitude of the gravity acceleration vector
H piezometric head
J hydraulic gradient (Eq. (8))
L pipeline length
_m slurry throughput (dry solids mass flow)
n penalty factor for minimum velocity (Eq. (10))
p pressure
Q slurry (volumetric) flow rate
SEC specific energy consumption, as in (Wu et al., 2010)
T time period over which the optimization will be run
u horizontal component of velocity
Qmin slurry volumetric flow rate corresponding to minimum

velocity
Umin minimum velocity (Eq. (10))
∀ water volume required for solids hydraulic transport
x input parameter for Rosin–Rammler distribution (Eq. (1))

and position along tubelength
z coordinate normal to the pipe wall

Greek symbols
!p overall efficiency of the pumping system
λ pipeline utilization fraction
λmax maximum attainable pipeline utilization fraction
μ dynamic viscosity of water
η slurry dynamic viscosity
ϕ solids volume fraction (expressed as a percentage in Figs. 1

and 2)
ϕm loose packing volume fraction
ρm slurry density
ρs solids density
τ shear stress
τw wall shear stress
τy yield stress
Ω objective (cost) function (Eq. (4))
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1 Dry shutdowns in lined tubes may also drive to blockages due to the presence of
remaining material. They also require complex and lengthy starting up operations
and thus are often discouraged.
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(a) Escondida, Chile (copper)
(b) Samarco, Brazil (iron)
(c) Galeno, Peru (copper)
(d) Las Bambas, Peru (copper)
(e) Undisclosed mine, Brazil (iron)
(f) Antamina, Peru (copper)
Maron and Pierce, φm = 0.465
Maron and Pierce, φm = 0.45
Maron and Pierce, φm = 0.48

Fig. C.8. Available viscosity data, η/μ, with μ the liquid viscosity, for copper and iron
concentrates, in light of the Maron and Pierce (1956) model (3). Sources: (a) Betinol
and Jaime (2004), (b) Correa et al. (2011), (c) and (d) Gaitán (2010), (e) Vidal et al.
(2011), (f) Welp and Ray (2011).
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Tendencia general (reología)
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Canaletas

1 Altura de escurrimiento puede
variar

2 No necesariamente está
alineada con la pendiente de
fondo de la canaleta

i: Pendiente de fondo de la canaleta
(i > 0 implica que la cota del fondo
decrece)

j ≡ HG: Pendiente de fricción (j > 0), dada por
las pérdidas de energía en la canaleta.

dH

dx
= −j, (2)

con
H = z + y +

Q2

2gA2
(3)
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dy

dx
=

i− j

1− Fr2
, (4)

con Fr = Q
A
√
gy (número de Froude).

Fr

{
< 1 flujo subcrítico
> 1 flujo subcrítico

(5)
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Tramos ascendentes no admiten flujo en canaleta

Rio Pipeline Conference & Exposition 2011 

 4 

The two Samarco pipelines are the longest iron ore slurry pipelines in the world. Linking the Germano unit to the Ponta 
Ubu unit, one is 396 km long, and the other 398 km long.  
 
 
 
 
 
 
 
 
 
 
 
 
The slurry travels at an average speed of 6 km per hour (1,7 m/s) and takes about 66 hours to cover this distance. 
Pumping stations help the slurry flow overcome obstacles, such as the Caparaó Range, at 1180 m above sea level, and 
on downhill stretches the flow is controlled by a valve system.  2 
The density of the slurry is about 2200 kg/m3 with an iron/water ratio of about 70%.  
 

 
 
 
 
 
The main characteristics of the pipeline 1 are: 
 
• Length 396 km with diameters of 180 and 200 mm • Nominal Capacity  12 Million DMT/Year  
• Wall thickness, 8 – 21 mm  • Actual Capacity      15 Million DMT/Year 
• Material: Steel API 5L – X60  • % Solids      70  
• Design Life: 20 years  • Max particle size      74 Microns 
 Reference 3 
 
The transportation of slurry, as opposed to hydrocarbon products, has a grinding effect on the internal pipe wall, leading 
to an ovaling of the circumferential shape of the pipe wall.  Over years this thinning effect obviously will reduce the 
pipeline’s ability to sustain the internal pressure, risking leaks and bursts. Even though iron slurry is not toxic or 
flammable, iron slurry pollution could be severe to the environment and costly to clean. Coupled with corrosion the risk 
for unwanted pumping of slurry to the environment increases and Samarco’s objective is obviously to keep these risks 
under control, at the same time establish a reliable risk based prediction function for when and where eventual pipeline 
replacements have to take place within a foreseeable future.  
 
The proactive approach Samarco has taken is based on an active intelligent pigging program, utilizing combined MFL 
and UT pigs as well as regular GEO pigging. In addition to the pigging program a range of wall thickness UT measuring 
devices are installed along the pipeline measuring the wall thickness at 0 , 90, 180 and 270 degrees.   
 

Figure 3. Pipeline Elevation Profile and main stations 

Figure 2. Samarco Pipelines Route  
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Consumo de energía
Sistemas presurizados

Rio Pipeline Conference and Exposition 2009 

 3

 

 
 

Figure 1. First Line flow sheet and station pressures 
 

The figure 2 shows the ground profile with the Y axis measured on meters above the sea level (masl) and the X axis 
measured on kilometers. The figure 2 also shows the Hydraulic Gradient Line (HGL), the Maximum Allowable Operational 
Pressure at steady state (MAOP steady) and the Maximum Allowable Operational Pressure at transient state (MAOP trans) 
 

 
 

Figure 2. First Line ground profile 
 

Due to several improvements implemented over the years, the capacity of the Pipeline #1 achieved a current capacity 
of 16.5 MDMT/year. The main reasons to reach this figure were: the increase of slurry solids concentration obtained in the 
Concentrator #1 thickeners; the increase of the main pumps speed; the achievement of the high values of system availability at 
PS#1 and PS#2; and the increase of operational pressure at PS#2. These improvements increased the pumped tonnage of the 
Pipeline #1, as showed in the figure 3. 
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Bombas de desplazamiento positivo
Mineroductos
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Chapter 1 

Figure LI. Testing a dredge pump at the GIW Hydraulic Laboratory 

Figure 1.2. Impeller for large dredge pump 
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Relación lodo-condición de transporte

The variation shown in Figure 2 is not necessarily the
true reduction in water used per dry ton of tailings, but is the
change in volume of water transported per dry ton. As an
example, by increasing the solids content from 32% (a
common value for conventional tailings) to 60% (noting that
values in excess of 70% have been achieved, (McPhail et al.,
2004)), 1.35 m3 less water per dry ton is transported to the
TSF. This additional water is recovered during the thickening
process and is potentially available for re-use. Upon
deposition at the TSF, very little bleed water is usually
released, unlike conventional tailings, where some of the
additional water transported to the TSF is potentially
recoverable from the TSF. There is no agreement on whether
these potential water savings are real or not; indeed, Lyell et
al. (2008) argued that, as long as the TSF is operated at a
high rate of rise, it acts like a very large gravity thickener and
just as much water can be recovered as is possible with in-
plant thickeners. However, data emerging from field
implementation of TT, as discussed later, contradicts this
view and shows that water savings are very real.

Have the promises of P&TT been realized?
Williams et al. (2008) provided a review of over 30
operations around the world using TT, and since that time
more TT operations have come on stream. There is thus a
reasonable amount of information now available from which
it is possible to draw comparisons between TT and conven-
tional systems. The topics are dealt with chronologically,
although some of them very superficially, due to the limited
amount of relevant information available in the literature.

Similar capital and reduced operating cost to wet
disposal

We immediately encounter a snag when attempting to

evaluate this criterion. Published cost comparisons are not all
based on the same battery limits. For example, van der Walt
et al. (2009) provide (predicted) cost comparisons between a
conventional approach and three different TT systems. They
concluded that the conventional approach was cheaper than
all of the TT systems in terms of both capital expenditure
(capex) and operating expenditure (opex). However, their
evaluation considered only components up to, but excluding,
the TSF, which is inappropriate. Significant construction
savings (both initial, and during operations) are possible
with TT operations, as discussed later.

Alcoa introduced a form of TT, called ‘dry stacking’, in
1985 which, according to Cooling (2002), cost more than
A$150 million to implement. Alcoa deposits around 39 kt/d
of bauxite residue at three facilities in Western Australia.
Payback time on the initial cost was estimated at 7–8 years.
The company found operating costs to be about 70% of the

Perceived and realized benefits of paste and thickened tailings for surface deposition

921The Journal of The Southern African Institute of Mining and Metallurgy VOLUME 112                                       NOVEMBER  2012 !

Figure 1—Illustration of terminology used in description of ‘Paste and Thickened Tailings’, after Jewell and Fourie (2006)

Figure 2—Variation of transported water volume with tailings
percentage solids (for specific gravity = 2.7)

(?
)
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Algunos mineroductos/relaveductos

Faena diám. servicio largo cap.
(in) (km) (kTPD)

MEL 6/7 y 9 conc. Cu 185 4 y 5,5
CMDIC 7 → 8 conc. Cu 180 3 → 4
CMP

10
conc. Fe 120 ∼ 10

CNN conc. Fe 82 ∼ 4
SAMARCO 1 (Brasil) 20/22 conc. Fe 398 55,5
MAA (Argentina) 7 conc. Cu 320 3
MLP 7 conc. Cu 120 ∼ 3,1
MLP 28/36 relave Cu 50 ∼ 158
Antamina (Perú) 8-10 conc. Cu-Mo-Zn 302 3,1
Anglo Los Bronces 20/24 mineral Cu 56 60/75
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