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AMD

Acid mine drainage

IGME

Instituto geológico y minero de España. English term: Geological and
mining institute of Spain.

LVR

Linear viscoelastic region

PSD

Particle size distribution

SEM

Scanning electron microscopy

TG–MS

Thermogravimetry – Mass spectrometry

TMF

Tailings management facility

WDXRF

Wavelength dispersive X-ray fluorescence spectrometry

XRD

X-ray diffraction
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GLOSSARY
Creep ringing

Dilatancy
Elutriation

Hydraulic gradient

Linear viscoelastic
region

Unstable response at the beginning of a creep step, caused by
the coupling of instrument inertia with the elasticity of the
viscoelastic sample. Spanish term: Timbre de fluencia.
The increase in volume of a dense (coarse-grained) soil during
shearing, usually due to particle interlocking and over-riding.
Process for separating particles based on their size, shape and
density, using a stream of liquid flowing in a direction usually
opposite to the direction of sedimentation.
Difference in pressure head between two points divided by the
distance between them. A hydraulic gradient is required for
pore water flow (seepage).
Strain amplitude in which moduli—G*, G', and G"—remain
virtually constant

Newtonian fluid

Substance under certain flow regime in which the viscous
stresses arising from its flow are linearly proportional to the
shear strain rate
Pore water pressure Pressure of the water filling the void space between the solid
particles
Seepage
Process of pore water flow. Steady-state flow of water.
Shear ageing

Ability of a material to reacquire its initial structure under a
null or low shear

Shear banding

Time-dependent phenomenon where the material first yields
fully and later forms two distinct bands—one yielded and one
unyielded. It is a consequence of a stress heterogeneity in the
flowing material.
Structural memory that a material records during its handling,
prior to the rheological test.

Shear history
Shear rejuvenation

Structural breakdown of a material under high rates of shear

Shear thinning

Decrease of viscosity with shear rate

Thixotropy

Continuous and reversible change of viscosity with time of
shearing rather than rate of shearing

Undrained
conditions

Soil state immediately after an increment of total stress is
applied and before consolidation has started, in which the stress
increment is entirely carried as an increment of excess pore
water pressure.
Discontinuous transition between the rise in viscosity for
stresses smaller than critical stress and the viscosity fall at
stresses only slightly above it.
Location where the pore water is under atmospheric pressure
(also called the phreatic surface)

Viscosity
bifurcation
Water table
Yield-stress fluid

Rheologically-complex material that behaves like a solid at low
imposed stress and flows when stress exceeds a critical value
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SUMMARY
The degree of saturation has a significant influence on the geotechnical stability of
tailings dams. In these structures, water saturation remains high throughout the year—even
in semiarid areas—due to the density, particle size, and hydrogeological properties of the
materials controlling capillary rise, which ranges 1–20 m. Such tailings, depending on its
dewatering state, exhibit non-Newtonian behaviour, characterized by a shear thinning, yield
stress, and thixotropic response.
This thesis explains the rheological pattern of the Pb-Zn mine slurries prepared from the
materials sampled in the tailings dams, which underwent static liquefaction and flow failure
(El Descargador, Peña del Águila) or minor liquefaction processes (La Peraleja) in the Sierra
de Cartagena – La Unión (SE Spain). The research also contains a flow behaviour comparison
of materials collected in original strata with those previously liquefacted forming sand dykes.
Additionally, the study includes the influence of other physicochemical characteristics of the
post-flotation mine wastes—particle size distribution, density, particle shape, elemental and
mineralogical composition—on its viscoelastic properties as mineral suspensions.
The three tailings dams under review are off-valley facilities, with a progressive
construction following the upstream method. Emissions to air, water, and land make these
structures a sturdy hazard to the environment. Most of the specimens were collected in El
Descargador tailings dam (9 original strata sampled from an existing trial pit, and 13 samples
along a line of sand dykes from a failure surface occurred on 14/10/1963). Sample collected
in Peña del Águila deposit was sieved in the laboratory to aim most of the rheometric tests
over the fraction lower than 50 µm. Conversely, the sample from La Peraleja tailings dam
was a liquefied sediment resulted from an elutriation process across the bedded tailings.
Rheometric research can be summarized in five categories: 121 previous tests, 278
tunning or calibration operations, 939 flow tests, 105 transient tests, and 85 dynamic tests.
Previous tests refer to the initial, non-systematic experimentation, where tentative tests
exceeded the successful ones, mainly dedicated to compare the available sensors. Rheometer
calibration includes the daily procedures—inertia and friction calibration, rotational
mapping, and verification tests—executed before each sequence of experiments. Flow tests,
with an average of 81% successful experiments, were the bulk of the work, because they
produced important parameters, such as overshoot stress or yield stress. Furthermore, 53% of
the transient tests failed, and 100% of the dynamic tests were successfully accomplished. An
overall of 309 slurries were prepared along the study.
The results confirmed that vane geometry was the best fixture for flow tests, and parallelplate geometry was a plausible alternative for certain transient and dynamic tests. A widegap vane sensor allowed to record smooth rheograms of slurries with particle finesses of up
to 750 µm. Herschel-Bulkley model was the best approach to fit the stress-rate response of
the slurries. A viscoelastic sprectrum of the dispersion could be generated in the range 102–
10–3 Hz. Exponential curves of yield-stress versus concentration revealed the easiness to yield
of materials from the sand dykes, even at higher concentrations than the original strata. They
also presented longer time-effects and shear-thinning behaviour. The results disclosed that an
increase in pH and EC favours the stability of the tailings.
Field phenomena, such as static and dynamic liquefaction, can be addressed by flow and
dynamic tests, respectively. In fact, a flow-slide model that used rheological results as input
data, predicted coherent values of maximum velocity and maximum run-out distance for El
Descargador flow failure. Finally, the critical yield stress of the slurry can be assimilated to
the concept of residual shear stress in soil mechanics, what opens the door to use these studies
to complement triaxial testing in the solution of stability problems.
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RESUMEN
El grado de saturación tiene una influencia significativa sobre la estabilidad geotécnica de
las presas de relaves. En estas estructuras, la saturación de agua permanece elevada todo el año
—incluso en zonas semiáridas— debido a la densidad, la granulometría y las propiedades
hidrogeológicas de los materiales que controlan la altura capilar, la cual varía entre 1 y 20 m.
Dichos relaves, dependiendo de su contenido en agua, muestran un comportamiento no
newtoniano, caracterizado por tener una respuesta adelgazante, tensión de cedencia y tixotropía.
Esta tesis explica el patrón reológico de las suspensiones preparadas a partir de los materiales
procedentes de las presas de relaves de Pb-Zn que sufrieron licuefacción estática y deslizamiento
(El Descargador, Peña del Águila) o procesos de licuefacción menores (La Peraleja) en la Sierra
de Cartagena – La Unión (SE de España). La investigación también contiene una comparación
del comportamiento de flujo de materiales recogidos en estratos originales con aquellos
previamente licuefactados formando diques de arena. Además, el estudio incluye la influencia de
otros parámetros fisicoquímicos de los residuos de post-flotación —distribución del tamaño de
las partículas, densidad, forma de las partículas, composición elemental y mineralogía— en sus
propiedades viscoelásticas como suspensiones minerales.
Los tres depósitos examinados son instalaciones en ladera, con una construcción progresiva
siguiendo el método de aguas arriba. Las emisiones al aire, agua y suelo convierten a estas
estructuras en un riesgo permanente para el medio ambiente. La mayoría de las muestras se
recogieron en la presa de lodos de El Descargador (9 estratos originales de una calicata y 13
muestras de una línea de diques de arena en una superficie de falla que se deslizó el 14/10/1963).
La muestra recogida en la Peña del Águila se tamizó en el laboratorio para realizar la mayoría de
los ensayos reométricos sobre la fracción menor de 50 µm. Por otra parte, la muestra de La
Peraleja era un sedimento licuefactado resultante de procesos de elutriación a través del lecho de
lodos.
El estudio reométrico se puede resumir en cinco categorías: 121 ensayos previos, 278
operaciones de ajuste o calibración, 939 ensayos de flujo, 105 ensayos transitorios y 85 ensayos
dinámicos. Los ensayos previos constituyen la experimentación inicial, no sistemática, donde las
pruebas fallidas superaron a las acertadas, sobre todo dedicadas a comparar los sensores
disponibles. La calibración del reómetro incluye los procedimientos cotidianos —calibración de
inercia y fricción, mapeo rotacional y ensayos de verificación— ejecutados antes de cada
secuencia experimental. Los ensayos de flujo, con un promedio del 81 % de experimentos útiles,
fueron el grueso del trabajo, ya que estimaban parámetros clave, como la tensión de rebasamiento
o la tensión de cedencia. Además, el 53 % de los ensayos transitorios fallaron y la totalidad de
los ensayos dinámicos tuvieron éxito. En total se prepararon 309 suspensiones a lo largo del
estudio.
Los resultados confirmaron que la geometría de paletas es el mejor accesorio para los ensayos
de flujo, y que la geometría de platos paralelos es una alternativa a considerar en ciertos ensayos
transitorios y dinámicos. El sensor de paletas pequeñas permitió registrar buenos reogramas de
suspensiones con una finura de las partículas de hasta 750 µm. El modelo de Herschel-Bulkley
fue el que mejor se ajustó a la curva tensión-velocidad de los lodos. Se pudo registrar el espectro
viscoelástico de las dispersiones en el rango 102–10–3 Hz. Las curvas exponenciales de tensión de
cedencia frente a concentración revelaron la facilidad para fluir de los materiales de los diques de
arena, incluso a mayores concentraciones que los estratos originales. Asimismo, presentaban
mayor tixotropía y respuesta adelgazante. Los resultados también revelaron que un incremento de
pH y CE favorecería la estabilidad de los relaves.
Los fenómenos de campo, como las licuefacciones estática y dinámica, se pueden acometer
mediante ensayos de flujo y dinámicos, respectivamente. De hecho, un modelo de deslizamiento
que utilizaba resultados reológicos como entrada, predijo valores coherentes de máxima velocidad
y distancia recorrida para la falla de flujo de El Descargador. Finalmente, la tensión crítica de
cedencia del lodo se puede asimilar al concepto de tensión de cizalla residual en mecánica de
suelos, lo que abre una puerta para usar estos estudios como complemento a los ensayos triaxiales
en la resolución de problemas de estabilidad.
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Introduction

Rheology is the study of the deformation of matter, resulting from the application of
a force. Textural properties of fluids or semisolid materials have to do with rheology. Two
underlying aspects control the physical response of a material: its chemical nature—that
affects its intermolecular forces—and the timescale of our observations. Both concepts
depict the idea of the rheological structure of the material (Goodwin and Hughes, 2000).
This multi-disciplinary science is thus connected to physics and chemistry (as
illustrated in Figure 1.1), having many applications in technology, materials engineering,
and biological sciences. Regarding the first level, the fundamental laws of physics
(molecular physics, thermodynamics…) can explain and predict the rheological
properties in the same way that some chemical parameters (molecular mass distribution,
chemical structure…) do it. The second level links rheology with mechanics of
continuum. The third level of interrelations involves practical solutions that rheology
provides in the field of solids or liquids.

Figure 1.1. The place of rheology among other disciplines (Malkin and Isayev, 2012).

Rheology concerns with mechanical properties of solid-like, liquid-like, and
intermediate technological and natural products. It achieves its goals by means of
constitutive models that describe the response of materials under certain conditions.
Rheological properties of the material emerge from the characteristic constants expressed
by the particular model used.
1.1.

FUNDAMENTAL CONCEPTS OF CONTINUUM MECHANICS

Continuum mechanics deals with the analysis of the kinematics and the mechanical
response of materials, modeled as a continuous mass rather than as discrete particles. The
following is a definition of the main variables involved with flow and deformation of
materials.
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1.1.1. Stress
The stress is defined as the force divided by the area over which it is applied. Pressure
is a compressive bulk stress. If a weight hangs on a wire, it experiences an extenssional
stress. Finally, when we slide a paper over a surface, we are applying a shear stress. The
latter is the key concept in our study, because rotational rheometers are designed to
manage it. Both shear and extensional flows are explained in Figure 1.2.

Figure 1.2. Particle motion in shear and extensional flows (Barnes, 2000).

1.1.2. Deformation
When a stress is applied to a material, a deformation γ may occur. Goodwin and
Hughes (2000) explain that, to make the calculations feasible, the strain is defined as the
relative deformation, that is, the deformation per unit length, where the distance covered
is the length over which the deformation occurs. In Figure 1.3, γ = δl / l.
Although some authors try to distinguish between strain and deformation, the
College Dictionary has the following definition: “strain is a deformation of a body or a
structure as a result of an applied force”. This shows that both terms have the same
meaning.
The result of action of external forces can either be movement of a body in space or
a change to its shape. Continuum mechanics is interested in changes occurring inside a
body. The change of body shape is essentially the change of distances between different
sites inside material, and this phenomenon is called deformation (Malkin and Isayev,
2012).
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Figure 1.3. Deformation of a rectangular element in simple shear (Tadros, 2010).

1.1.3. Kinematics of deformations
The movement of a body is described by the vector velocity. If velocity is the same
at any given point of a body, it moves as a whole and no deformation takes place. The
deformation appears only as a consequence of a velocity gradient at a particular point,
what means that two neighboring locations move with different velocities.
The gradient of the velocity in the direction at right angles to the flow is called the
shear rate . This magnitude is also known as velocity gradient, strain rate, or shear strain
rate. When the flow is linear, a layer at a distance l from the reference layer moving with
a velocity v will travel a distance δl = v δt. In this way, = δγ / δt = v / l.
The ranges of shear rate found in everyday life or industrial situations appear in Table
1.1. To compare these values with any other practical situation, we can simply divide the
flow velocity by a typical dimension. For example, we get the shear rate of a liquid
flowing in a pipe dividing the average velocity by the pipe radius, or the shear rate of a
moving sphere dividing its velocity by its radius (Barnes, 2000). The yield behaviour of
the slurries tested in this thesis range 10–1–101 1/s, which corresponds to the interval of
surfaces draining off under gravity.
1.1.4. Viscoelasticity
From a rheological perspective, two limiting cases may be considered. Each one can
be explained by simple constitutive equations, only valid in a short stress-strain-time
range. Outside this linear behaviour, more complicated constitutive equations are required
to explain the experimental curves, involving more parameters.
For a Hookean solid σ = G γ, where the strain γ is proportional to the applied stress
σ and the elastic modulus G is the constant of proportionality.
In a Newtonian liquid σ = η , where the strain rate is proportional to the applied
stress σ and viscosity η is the constant of proportionality.
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Table 1.1. Typical shear-rate ranges for different situations (Barnes, 2000)
Situation
Shear-rate range (1/s)
Sedimentation of fine powders in liquids
10–6–10–3
Levelling due to surface tension
10–2–10–1
Draining off surfaces under gravity
10–1–101
Extruders
100–102
Chewing and swallowing
101–102
Dip coating
101–102
Mixing and stirring
101–103
Pipe flow
100–103
Brushing
103–104
Rubbing
104–105
High-speed coating
104–106
Spraying
105–106
Lubrication
103–107

1.2.

Example
Medicines, salad dressing
Paints, printing inks
Toilet bleaches, coatings
Polymers, soft solids
Foods
Paints, confectionery
Liquids manufacturing
Pumping liquids, blood flow
Painting
Skin creams, lotions
Paper manufacture
Atomisation, spray drying
Bearings, engines

DAM-WATER CYCLE

Tailings dams are commonly built by the discharge of slurries within an
impoundment. They are subjected to a number of external actions resulting from its
interactions with the atmosphere and foundation. Closed or operating, many
physicochemical phenomena take place within or surrounding the deposit, influencing
directly on the dam stability. Figure 1.4 embodies the typical hydrogeologic processes
affecting the safety of a tailings dam.
The slurry poured usually has a solid to liquid ratio of 1:3 (v/v). Hence, the available
water volume is always relevant for the hydraulic operation of the dam. Water starts to
segregate from the slurry mass at the moment it reaches the surface of the deposit. Part of
the expelled water infiltrates into the previously deposited tailings mass, while the rest
flows as surface runoff down to the decant pond. The ratio between infiltration and runoff
depends on a number of factors, such as the properties of the slurry, the discharge rate,
the discharge duration, the permeability of the deposited tailings, its degree of saturation,
the presence of retraction cracks, the position of the phreatic level… (Zandarín et al.,
2009).
Moreover, the deposited tailings form a beach gently sloping towards the decant pond
(usually less than 5º). As the slurry flows along the tailings beach, a spontaneous sorting
by particle size occurs. The coarser sediments settle close to the discharge point while the
finer particles move farther away. This a favourable effect, since it produces a material
with higher hydraulic conductivity near the dam wall, helping to depress the phreatic
surface there, and hence improving the stability conditions of the deposit.
During rainfall, additional amounts of water enter the deposit. Part of it infiltrates
and the rest will flow as surface runoff, finally reaching the decant pond. Evaporation
also occurs on the tailings surface. Usually, the position of discharge points is regularly
changed, so as to manage the levels of the tailings within the deposit and to control the
position of the decant pond. Evaporation rate induces an ascending flow by capillary rise,
fed from the phreatic surface. Drying rate of a porous material is a complex phenomenon,
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controlled by multiple factors, such as the relative humidity of air, the wind speed, the
available heat (mainly contributed by sun radiation), the properties of the material
controlling capillary rise, vapour diffusion in the porous media… If drying goes on during
enough time, retraction cracking may occur in the surface of tailings. Vertical cracks
together with horizontal (or subhorizontal) layering dramatically change the hydraulic
conductivity of the material.

Figure 1.4. Scheme of the factors and phenomena that affect the operation of a tailings dam
(Zandarín et al., 2009).

Surface runoff may enter the decant pond if the deposit is built in a basin. Modern
tailings storage facilities commonly comprise by-pass systems for preventing runoff to
enter the deposit. A decant pipe or a pumping system controls the water level in the decant
pond. The deposit may drain through the dam and also through the foundation material.
Where spring conditions exist in the foundation area, underground water may enter the
deposit. Modern tailings dams usually include internal drains and watertight barriers in
order to keep natural water separated from process water. The steady-regime position of
the phreatic surface into the deposit depends on the saturated hydraulic conductivity of
tailings, the free water level in the pond, and the drainage conditions of the deposit.
Besides, transient rise or depression of the phreatic surface may occur, due to the
contribution of infiltrated water or evaporation, respectively.
Tailings are discharged in the deposit in its loosest condition. A consolidation process
follows the deposition, under the increasing overburden weight of deposited tailings.
During consolidation, water expelled from the material voids joins the infiltrated water,
increasing the amount of water to be drained from the deposit. The reduction of porosity
due to consolidation, changes the hydraulic properties of tailings, lowering the
conductivity and increasing capillary rise. On the other hand, tailings above the phreatic
surface remain in unsaturated condition. The resulting matric suction leads to the capillary
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forces acting in the particle contacts to increase the strength of the material and to reduce
its compressibility. However, such improved mechanical properties are rapidly lost if the
material becomes saturated.
Other minor phenomena contribute to the dam-water cycle, such as phase changes of
water, vapour diffusion, solute transport, solute precipitation, cementation, crust
formation…, further complicating the conceptual model proposed. This explanation
suggests that the study of the water cycle of a tailings dam—closed or operating—can be
a quite complicated task.
1.3.

DEGREE OF TAILINGS THICKENING

Mine tailings can be classified as slurry, paste, or cake, according to its final
solid/liquid ratio (S:L), which arises from the treatment given to the slurries at the end of
the extraction process. Slurry undergoes no treatment, paste is a thickened slurry, and
cake is a filtered slurry (see Figure 1.5). As mentioned by Boger (2013), the advantages
of increasing the S:L ratio involves the potential to:









Reclaim water
Reclaim process reagents
Reclaim energy
Maximize density of tailings
Minimize ecological footprint
Render waste suitable for mine backfill
Reduce acid drainage
Reduce risk of dam failure

Figure 1.5. (a) Types of mine tailings according to its solid/liquid ratio, including profiles for
gravimetric water content, saturation degree, and water volume fraction. (b) Comparison between
w/w and v/v ratios for a particle density of 3 g/cm3.
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The mechanical properties of tailings change dramatically with the S:L ratio, which
has important practical consequences in the operation of the disposal facility. For ratios
higher than 2:1, most tailings are no longer pumpable, which means that the transport to
the disposal area has to be done either by truck or mobile conveyor belts. For ratios higher
than 1.5:1, the suspension does not undergo segregation, i.e. the paste remains
homogeneous over the whole disposal process. On the other hand, slurry tailings do
segregate, which implies that high amounts of water are released in the disposal facility.
Therefore, slurry tailings require a mechanical containment, in other words, a basin such
as a dam or other system has to be created.
This research focuses on slurry tailings, which are still the most widely applied
disposal method and almost the only used in ancient tailings storages, currently
abandoned all over the world. The number of tailings dams is unknown, but there are
more than 18400 mining districts identified worldwide (Azam and Li, 2010).
1.4.

FLOW FAILURE CAUSED BY AN INCREASE IN PORE PRESSURE

As soils, tailings will liquefy when the effective stress becomes zero. By Terzaghi’s
Principle (Equation 1.1) this will occur when u = σ.
σ

σ′

(1.1)

The Principle of Effective Stress applies only to fully saturated soils, and relates the
following three stresses (Knappett and Craig, 2012):
1. The total normal stress σ on a plane within the soil mass is the force per unit
area transmitted in a normal direction across the plane, taking the soil as a
solid material.
2. The pore water pressure u is the pressure of the water filling the void space
between the solid particles.
3. The effective normal stress σ′ on the plane represents the stress transmitted
through the soil skeleton only (i.e. due to interparticle forces).
Based on this Principle, shear stress resistance of the tailings takes the following
expression:
τ

σ

u

tagφ

(1.2)

where τ is the shear stress, σ is the normal stress on the sliding plane, u is the pore water
pressure, φ is the internal friction angle, and c is the cohesion. The last two variables are
shear stress interparticle components characteristics of the tailings material. The internal
friction angle ranges 30–38º for the tailings under study (Bazán, 2015). The cohesion is
low for sand- and silt-size tailings.
According to expression 1.2, when the pore water pressure increases, the shear stress
resistance of the material decreases and at some point the geotechnical stability of the
dam is lost. The pore pressure rises because of excessive dam rising rate, transit of
machinery, blasting, seismic events, injection of water due to failure of the drainage
system…
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Figure 1.6 depicts the failure mechanism developed during an excessive loading rate.
Using a mechanical simile, a potential sliding plane supports a weigth W by means of the
force N′ transmitted through the tailings skeleton (the spring in the drawing) and the water
pore pressure u (dashpot). Shear strength of the material R is proportional to N′ by the
friction. As seepage occurs, the material consolidates, reduces its volumen, and the
material recovers its shear strength. When loading rate increases too fast, the water pore
pressure cannot dissipate timely and shear strength of the soil drops, making the slope
unstable.

Figure 1.6. Flow failure due to the raise of the pore water pressure u. W material weight over the
slip surface, T shear component of weight, N normal component of weight, N′ effective normal
force exerted from the slip surface, R shear strength of the soil along the failure plane, F factor of
safety (adapted from Oldecop and Rodríguez, 2006).

1.5.

GEOTECHNICAL RESPONSE OF TAILINGS UNDER UNDRAINED
CONDITIONS

When water fills up the void spaces in a granular material, volume changes involve
transient flow of pore water—outflow in contractive conditions or inflow in dilatant
conditions. Water transfer mechanism takes more or less time, depending on the
permeability of the material. If permeability is low, the distance to the free-draining
boundary of the layer is high or loading process happens quickly, stress changes occur
under undrained conditions. As the pore water cannot drain, its pressure will increase
under contractive conditions, or the other way around. As stated in the Principle of
Effective Stress, sudden changes in the pore water pressure will affect dramatically the
shear stress resistance of the tailings. Figure 1.7 compares the variety of situations of a
material under undrained conditions and cyclic loading.
Figure 1.7a explains the response of a dilatant material under cyclic shear testing.
Dilation diminishes water pore pressure and increases confining stress. Consequently, the
residual shear stress Su grows until a maximum constant value. Stability will not be
compromised and will only appear damages by cyclical mobility.
A contractive material under a cyclic shear test—which causes an increasing shear
strain (Figure 1.7b)—will rise its water pore pressure gradually, originating an increment
and later decrease of the shear-stress resistance τ of the material. If the gravitational
loading τ0 is lower than the residual shear stress Su, there is a transient instability in a short
time scale, occurring deformation and cracking damages by cyclical mobility.

10

Introduction

A clear instability appears when permanent loading τ0 is higher than the residual
shear stress Su. After the initial instability produced by the cyclic loading, the material
reaches such a comparatively low residual stress that only can dissipate the water pore
pressure by undergoing strong deformations. This phenomenon is referred as liquefaction
and causes catastrophic flow failures. A particular case is the liquefied materials formed
under a horizontal shallow water table, where the small loading over this material forms
the so-called sand volcanoes.

Figure 1.7. Geotechnical response of tailings under undrained conditions. Illustration of the
cyclical mobility and liquefaction cases, where (a) material under dilatant conditions, (b) material
under contractive conditions and τ0 < Su, and (c) material under contractive conditions and τ0 >
Su. τ shear-stress resistance of the material; γ shear strain; τ0 initial shear-stress resistance of the
material, due to permanent—gravitational—loadings; Su residual shear stress (Oldecop and
Rodríguez, 2006).
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1.6.

TYPES OF SEQUENTIALLY RAISED TAILINGS DAMS

Slurry tailings are pumped through a pipe from the plant to the disposal area and then
discharged from spigots located along the perimeter of the storage facility. Inmediately
upon discharge, the coarser particles segregate from the slurry, settling close to the
discharge point. The rest of the slurry runs over the beach formed. Progressively smaller
particles segregate from the slurry as the travelled distance increases. Finally, the finest
fraction and the water form a decant pond, where the smallest particles settle underwater.
All of these processes are very similar to the ones naturally happen in an endorheic basin.
The containment system may consist in a dam closing a natural valley, turning it into
a basin. When a natural depression is not available, a three-sided dam is built for facilities
located on a hillside, or a ring-type dam on flat ground. Until not many years ago, the
almost only material used to build the dam wall was the coarse fraction of the very
tailings, i.e. the sand produced by mineral grinding. The separation of these sands in the
plant is achieved by natural segregation—as explained before—or forcing the process
with hydrocyclones. Besides, precipitation of salts dissolved in the tailings water may
produce some degree of cementation of the grains, conferring considerable strength to the
dam wall in the surface and subsurface layers exposed to evaporation and oxidation.
The design of such a storage system comprises also the method or operations plan to
be used for heightening the dam as more storage volume is required. Among many
available heightening methods, the most commonly applied are three: centerline,
downstream, and upstream (see Figure 1.8, where a modified centreline design is also
considered). Since the latter involves the lowest building costs, it was the most frequently
adopted method in ancient mining works. However, due to the large number of accidents
occurred in upstream constructed tailings dams, the use of the two other methods has
grown in present times.

Figure 1.8. Types of sequentially raised dams with tailings in the structural zone (adapted from
Rodríguez, 2002).

12

Introduction

Theoretically, tailings storage facilities are designed to last indefinitely. This is a
feature not shared by any other type of engineering structure and their evolution in the
long term becomes an aspect of major interest, regarding their stability and integrity. An
exception would occur in case the stored wastes should become economically reexploitable in some future time. Table 1.2 compares the different ways of raising surface
tailings dams. All the tailings deposits in the Sierra de Cartagena – La Unión mining
district belong to the upstream type.
Table 1.2. Comparison of dam construction techniques (European Commission, 2009)
Mill tailings
requirements

Discharge
suitability

Upstream
Downstream
Suitable for any type of
If tailings are used: at
least 40–60% sand. Low tailings
pulp density desirable to
promote grain size
segregation.

Centreline
Sands or low-plasticity
slimes

Peripheral discharge and Varies according to design Peripheral discharge
details
necessary
well-controlled beach
necessary, centre
discharge for thickened
tailings.

Water storage Not suitable for
Good
suitability
significant water storage

Not recommended for
permanent storage.
Temporary flood storage
acceptable with proper
design details.

Raising rate
restrictions

None

Height restrictions for
individual raises may
apply

Sand tailings or mine
waste if production rates
are sufficient, otherwise
natural soil.
Good

Sand tailings or mine
waste if production rates
are sufficient, otherwise
natural soil.
Acceptable

High

Medium

Less than 5 m/yr most
desirable, to avoid
insufficient
consolidation and pore
pressure build-up.

Embankment Natural soil, sand
fill
tailings, or mine waste.
requirements
Seismic
resistance
Dam cost

1.7.

Poor in high seismic
areas
Low

TYPICAL TAILINGS DAMS FAILURE MODES

The triggering mechanism for failure of a tailings dam can be very varied and
complex. The case analysis proves that a combination of them causes the failure. Figure
1.9 shows the most important ones, where overtopping, internal erosion, static slope
instability, and seismic slope instability are frequent in developing flow failure.
In order for the tailings flow failure to occur, three conditions must be given
simultaneously:
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The tailings has to be contractive
The tailings has to be saturated
When tailings liquefies, it has to overcome the residual strength of the
material.

Figure 1.9. Distribution of the most important triggering mechanisms for failure of tailings dams
over the last 100 years.

1.7.1. Static and dynamic liquefaction
In a liquefied soil, the critical hydraulic gradient—zero resultant body force—has
been reached due to seepage, meaning that effective stress is zero. Figure 1.10 is a
representation of this phenomenon.

Figure 1.10. Dam failure by liquefaction (http://www.wise-uranium.org).
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Static liquefaction, flow liquefaction, or flow failure referes to the process whereby
a contractive granular material (soils, tailings, gravels, loess…), saturated in more than
80%, loses its strength in response to an applied static stress.
The variery of trigger elements causing static liquefaction includes:





Increase of pore pressure due to rapid tailings dam growth
Overtopping
Internal erosion
Erosion of the dam toe

Seismic slope instability is a failure mode that occurs under cyclic loading from an
earthquake or other seismic loading. Figure 1.11 presents the stress-strain relationship of
saturated, contractive sandy soil during undrained loading (Olson and Stark, 2003). This
scheme depicts how the contractive soils loses its strength under static or cyclic loading,
finally reaching the threshold shear stress to yield.
Depending on the characteristics of the materials, the effect of cyclic loads is
different. For example, loose soils are more contractive under undrained cyclic loads,
what leads to seismic slope instability by a sudden rise of pore pressure. Size and duration
of cyclic loads are also determining factors to consider when analysing the seismic
reliability of a tailings dam.

Figure 1.11. Stress-strain response of a saturated, contractive sandy soil, under static and cyclic
loading. The left plot refers to shear loading and the right plot to normal loading (Olson and Stark,
2003). Su(yield) yield shear strength, Su(LIQ) liquefied shear strength.

1.7.2. Overtopping
Sustained and wave overtopping are the two types of this failure mechanism.
Sustained overtopping can occur due to water level increase in the tailings dam lagoon,
while wave overtopping appears when a wave washes over the crest. See Figure 1.12.
Crest erosion, crest subsidence, poor management of the lagoon, or major climatic
events can suddenly increase the water level until exceeding the dam crest. Overtopping
from waves normally results from strong wind, earth/rock slide into the reservoir or
design error. In general, sustained overtopping results in a more catastrophic failure than
wave overtopping.
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Figure 1.12. Dam failure by overtopping. Water overflow causes the erosion of the outer face,
increasing the cutting stresses on the tailings until the instability or static liquefaction occurs
(Oldecop and Rodríguez, 2006).

1.7.3. Internal erosion and hydric erosion of the dam toe
Internal erosion refers to the soil particle movement by water flow within a tailings.
It can take place in an embankment, foundation, or contact area between embankment
and foundation. In any case, hydraulic gradient and specific material susceptibility—such
as plasticity and particle gradation—play a critical role. Figure 1.13a illustrates internal
erosion by piping.
Some tailings ponds can locate at valley sites or close to watercourses—permanent
or ephemeral. In those cases, hydric erosion of the dam toe can progressively aggravate
dam instability, as shown in Figure 1.13b.
The initiation of this process starts when the material is susceptible to it and the onset
of critical stress and hydraulic load are achieved. Material susceptibility is the relative
erosion resistance and dispersiveness of a soil. The critical hydraulic load is related to the
hydraulic energy required to invoke a mechanism of internal erosion, by means of seepage
flow through the dam. The critical stress condition is related to the ability to resist the
effective stress, provided its spatial and temporal variability within the body of the dam.
After internal erosion initiates, it can progress by forming a roof and concenttrated leak,
which can lead to breaching of the tailings dam.
1.7.4. Slope instability
Static slope failure happens when the imposed stress on the embankment or
foundation exceeds their effective strength. Two main factor affecting the static stability
of slope are the shear strength of tailings and pore pressure.
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Figure 1.13. (a) Internal erosion by piping. (b) Dam failure by hydric erosion of the toe. τ is the
stress and γ is the deformation (Oldecop and Rodríguez, 2006).

The shear strength of tailings increases as the density of the tailings rises. Higher
density can be achieved by natural evaporation or consolidation, for instance. The
location of the phreatic surface in a tailings dam is also an important factor to consider in
the static slope instability, because pore pressure increases as phreatic surface rises. Body,
toe or foundation are the three zones where the slope can fail, as shown in Figure 1.14.

Figure 1.14. The three zones where the slope can fail.
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CHAPTER

2

Objectives and
Working hypotheses

In the 19th and 20th centuries, Spain developed an intensive mining and metallurgical
industry. Because of this activity, around 609 tailings dams and 378 tailings ponds
resulting from post-flotation processes spread throughout the country (Rodríguez and
Gómez, 2006). Of these, 83 are in the Region of Murcia, mainly in the mining districts of
Mazarrón and Sierra de Cartagena – La Unión. Some of the tailings dams of this region
experienced flow failure, such as Brunita and El Descargador deposits in the Sierra de
Cartagena – La Unión, and another structure in the Cabezo de San Cristóbal in Mazarrón.
2.1.

OVERALL AIM

The broad goal of this thesis is to determine the rheological response of the Pb-Zn
mine slurries coming from abandoned tailings dams. Additionally, the research includes
the influence of the physicochemical characteristics of the materials on its viscoelastic
properties as mineral suspensions. These waste-rock deposits result from post-flotation
processes in the mining district.of the Sierra de Cartagena – La Unión in the second half
of the 20th century.
In order to attain this goal, the thesis focuses on concentrated solid suspensions of
materials coming from deposits that underwent flow failures—or at least elutriation
processes—to compare its rheological pattern with the one from original strata samples
within the dams.
2.2.

PARTIAL AIMS

—To explore the wide array of rheological tests available to explain the viscoelastic
response of concentrated suspensions
—To design the rheological tests with the proper control variables in the suitable
sweep ranges, plotting the results in a linear or logarithmic fashion, depending on the data
texture.
—To confirm and compare the suitability of the existing vane-and-cup geometries in
the study of the flow and dynamic behaviour of mineral slurries
—To establish the optimal procedure to prepare the slurries at a specific solid mass
fraction
—To identify the solid concentration ranges and particle size distributions (PSD) that
a particular vaned geometry can manage in an AR-G2 rheometer
—To obtain the overshoot and yield stresses, considered key parameters governing
the flow behaviour of the suspensions.
—To characterize some physicochemical properties of the post-flotation wastes, such
as PSD, density, appearance, elemental and mineralogical composition.
—To know the influence of PSD on the shear thinning and time-dependent behaviour
of the slurries
—To build yield-stress concentration curves for tailings suspensions of coarse- and
fine-grained sizes
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—To determine the influence of particle size, particle shape, pH, and electrical
conductivity (EC) on the yield response of the slurries.
2.3.

WORKING HYPOTHESES

After examining a variety of studies concerning management of tailings slurries, they
all focus on rheology in terms of flow, because materials handling involves pumping the
tailings into ponds. Boger (2013) goes as far as to say that “viscoelastic effects are
generally unimportant in mineral-suspension rheology”. Requirements of long-term
stability of the neglected tailings dams in this semiarid area suggests the convenience of
broadening the scope of the rheological research towards the dynamic shear tests,
provided that tailings dams abandoned in the Sierra de Cartagena – La Unión suffer
constant processes of dynamic loading due to small seismic waves.
Tailings flow slide calculators use flow models—Bingham is one of the preferred
ones—, which include the threshold yield stress for the field materials to move. To what
extent the laboratory data—at the scale of 10–5 m3—are helpful to explain the eventual
flow failure of the deposits, at the scale of 105 m3? Is yield stress a rheometric fiction or
a physical constant that one can use for practical purposes? Do rheometric tests have an
absolute or a comparative significance, considering the great amount of variables
affecting the rheological pattern of the slurries?
To explain these scientific inquiries and to explore whether these working hypotheses
are potentially fruitful, we designed and performed a set of specific experiments that will
either support or fail to support the formal hypotheses stated above. The findings achieved
after such research will build a new conceptual framework as a guide for further research.
Table 2.1 summarizes the rheometric tests performed throughout the research
process. Previous tests compiles the somewhat non-systematic proto-experimentation. In
those days, tentative tests exceeded the successful ones, mainly dedicated to compare the
performance of the available rheometric sensors. The oral presentation in Appendix 1
(Caparrós et al., 2015) embodies that research stage. Rheometer calibration is a set of
procedures executed on a daily basis, before each sequence of experiments.
In the remaining flow, transient, and dynamic tests we also used a heuristic learningby-doing strategy. As a result of this trial-and-error approach, 53% of the transient tests
failed. At the other side, 100% of the dynamic tests were successfully accomplished. The
bulk of the work had to do with flow tests, with an average of 81% successful experiments.
It is worth highlighting that each of the 309 slurries tested took 1–2 days to be
prepared—one day for homogenization and one additional day to dry at 60 ºC overnight,
in case of reclaiming the solids to make a subsequent suspension. To avoid drifting
effects, each slurry was valid only for one day. The good news was that we could
command an experimental sequence of different tests—flow, transient, or dynamic—on
each slurry in the same working session.
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Table 2.1. Summary of the eventual rheometric research resulting from the current study. n/a not
applicable.
Category

Procedure

Sample
pretreatment

Previous tests Miscellaneous None
Rheometer
Calibrating
n/a
calibration
inertia
Calibrating
n/a
for friction
Rotational
n/a
mapping
n/a
Verification
tests (rate &
frequency
sweeps)
Flow tests
Peak hold
Conditioning
Continuous
Conditioning
stress sweep
Equilibration
Continuous
Conditioning
rate sweep
Equilibration
Steady-state
Conditioning
stress sweep
Equilibration
Steady-state
Conditioning
rate sweep
Equilibration
Transient tests Creep and
Conditioning
recovery
Equilibration
Stress
Equilibration
relaxation
Dynamic tests Strain sweep Conditioning
Equilibration
Stress sweep Conditioning
Equilibration
Frequency
Conditioning
sweep
Equilibration
Temperature Conditioning
ramp
Equilibration
Total

Failed dedication
Tests
Hours
75
18.5
0
0

Succesful dedication
Tests
Hours
46
7.5
86
1.4

Suspensions
prepared
64
n/a

0

0

86

1.4

n/a

0

0

86

4.3

n/a

10

1.2

10

2.0

n/a

14
36

1.3
6.3

76
316

6.7
55.3

14
80

22

3.9

280

49.0

59

34

21.3

113

70.6

33

18

9.2

30

15.3

26

27

32.6

44

53.7

6

23

7.8

11

3.7

11

0

0

16

6.3

2

0

0

27

8.8

9

0

0

18

73.1

2

0

0

24

8.1

3

259

102.1

1269

367.2

309
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CHAPTER

3

Literature review

Although the Sierra Minera de Cartagena – La Unión has been the subject of
exhaustive research by the scientific community since the early ‘60s of the 20th century
up to the present day, very few studies linked the rheological properties of the tailings
slurries to the stability of the structures in which they are stored. Below it is outlined a
sample of key literature references related to the main topics covered in this thesis.
3.1.

GENERAL KNOWLEDGE

Below there is a list of the main textbooks used as a constant source along the
research process:
 Barnes (2000) describes the elements of rheology in a clear and practical style. A
great reference book to interpret the rheograms properly. The mathematical
apparatus is minimum and the text, figures, and tables are highly descriptive.
 Nichols (2009) introduces the reader to sedimentology and stratigraphy. It
includes a chapter on post-depositional structures and diagenesis, helpful in
understanding the sedimentary processes happened in the tailings dams in the
timescale of decades.
 Tadros (2010) deals with the rheology of the three main disperse systems
(suspensions, emulsions, and gels). It is an up-to-date book that connects the
stability of the dispersions to its rheological behaviour. It is of great help in
understanding the principles of rheology and the techniques that can be applied.
 Knappett and Craig (2012) explain in depth the fundamental principles of soil
mechanics. The book combines the basic concepts and theories with the
application in geotechnical engineering design, including a comprehensive
glossary of terms.

3.2.

RHEOLOGY OF SLURRIES

Tailings dams come from Newtonian fluid slurries previously pumped to form such
structures. The following papers deal with the diverse rheological aspects of mine
slurries:
 Mewis and Wagner (2009) examine the basic elements of thixotropy, including
its definition and the relation with nonlinear viscoelasticity. They review its
various rheological manifestations as well as possible measurement procedures,
accepting that microstructural changes due to flow are quite complex and not fully
understood. They also categorize and evaluate the existing models for thixotropic
suspension rheology.
 Moller et al. (2009) propose a new view on yield stress materials, assuming the
experimental difficulties in determining the yield stress. All these complications
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disappear making a clear distinction between thixotropic and simple yield stress
fluids. They also account for shear ageing, shear rejuvenation, and shear banding.
 Boger (2013) reviews the rheology of mineral tailings slurries, recommending the
thickening of these Newtonian fluids as a step toward a more sustainable practice
in resource industries. Dewatered slurries are non-Newtonian, shear-thinning, and
thixotropic materials. The understanding of its rheology results in dramatic
improvement in the waste-disposal strategy.
3.3.

STABILITY OF EMBANKMENT DAMS

Talings dams in the Sierra de Cartagena – La Unión are embankment dams, i.e. the
materials from the embankment belong to the site. Erosion and fluid actions may cause
its instability and later failure. Some studies explain these phenomena:
 Oldecop et al. (2011) state that unsaturated phenomena play a significant role in
the hydraulic and mechanical behaviour of the tailings deposits in the long term.
Examining El Descargador case, they reveal that even in semiarid areas the
degree of saturation remains relatively high.
 Rodríguez et al. (2011) studied parameters of geotechnical interest in tailings
dams, such as plasticity index, permeability, internal friction angle, cohesion, and
other variables, concluding that high water saturation is the leading cause to dams
failure.
 Bazán (2015) determines the stability of El Descargador tailings dam. She
characterizes geotechnically the materials sampled and uses different software
packages to explain the structural liquefaction and the round failure surface
occurred on 14/10/1963.
3.4.

ENVIRONMENTAL IMPACT OF MINING AND METALLURGICAL
WASTES

Many researchers gather information about the impact of mining and metallurgical
wastes on the environment, from different perspectives:
 García (2004) and Robles-Arenas et al. (2006) integrate multiple field data to
assess the true environmental impact and potential risk of this abandoned
sulphide-mining site, including the tailings deposits.
 European Commission (2009) is a reference document covering activities related
to tailings and waste-rock management of ores that have the potential for a
significant environmental impact. The report brings attention to the recent failures
of tailings ponds and tailings dams, proposing the best available techniques to
avoid the collapse of these facilities.
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 Rodríguez and García-Cortés (2006) outline a theoretical background of the
challenges associated with mine wastes and its environmental impact. The book
includes an interesting chapter on physical stability of tailings dams.
 Alcolea (2015) studies the influence of the abandoned mine district on the
surrounding area, proposing geochemical cycles of trace metals in the Sierra
Minera and the Campo de Cartagena, and suggesting a trace metal mass balance
for Mar Menor lagoon.
3.5.

ENVIRONMENTAL REMEDIATION AND ECOLOGICAL
RESTORATION

Once assessed the contamination on this particular mining site, several authors study
how to immobilize the pollutants, evaluating the feasibility of restoration strategies:
 Martínez-Pagán et al. (2011) evaluate the mobility of some trace metals in Brunita
and San Cristóbal tailings ponds after 11 weeks of leaching experiments using
marble waste amendment, what reduces significantly the concentrations of Cu,
Zn, Cd, and Pb. They recommend future reclamation actions by means of longterm and large-scale marble waste application, to increase pH and prevent the
formation of acid mine drainage.
 Alcolea et al. (2012) observe the influence of a particular open limestone channel
(OLC) on the quality of the surface water drained from an intermittent watercourse
(Rambla del Beal), surrounded by upstream tailings deposits. The OLC reduces
the input of trace metals into the Mar Menor lagoon by one order of magnitude.
 Gómez-Ros et al. (2013) describe the first ecological restoration of a tailings area
in La Unión mining district. After 30 years since the wastes were ‘sealed’ with a
0.5 m layer of soil, the bottom-up flux of heavy metals persists, what reveals a
high metal mobility and the inefficacy of the restoration procedure.
 Párraga Aguado (2015) considers phytomanagement in terms of
phytostabilisation a suitable cost-effective option for the restoration of mine
tailings. The study includes recommendations for the successful
phytomanagement of these environments in a semiarid climate context. The
similarity between the rizosphere of individual trees and that of the fertility islands
suggests that trees are the key for the development of dense vegetation areas.
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CHAPTER

4

Historical background
of the study area

Mining labours carried out in the Sierra Minera de Cartagena – La Unión (Murcia,
Spain, Figure 4.1) has left in the area close to a hundred of structures of mining waste
from the exploitation of mineral sulphides (mainly ZnS and PbS), now abandoned by the
cessation of the activity in the last decade of the 20th century. This chapter describes the
historical background of the three tailings dams under review, based on the
documentation available in the Archivo General de la Región de Murcia. A careful
examination of the regulatory paperwork reveals some inaccuracies and contradictions
that had to do with the evolution of the company names and duplication of toponyms.

Figure 4.1. Geological map of Sierra de Cartagena – La Unión (Robles-Arenas et al., 2006).

4.1.

EL DESCARGADOR TAILINGS DAM

Wastes of this structure comprise materials coming from the mining concessions
Fortuna, Felicidad, Maestra, Belleza, Resucitada, Pronta, Virgen del Carmen,
Convención, and Ferrocarril. The froth-flotation plant related had a capacity to treat 300
t of mineral per day; including a comminution stage to reduce the ore to fine particles,
and the subsequent flotation stages to concentrate the target minerals. The description
below is the chronology of some legal actions related to this dam.
1952
 July 4 – The company Minerales de Cartagena, S.A. requests authorization for
installing a froth-flotation plant in the group of mining concessions called Belleza.
The application includes the description of its main components, with an overall
quote of 4 485 380.00 pesetas: crushing, with a feed size < 500 mm and a final
fineness of 8–12 mm; grinding, with a feed size of 6–10 mm and a final size of 180–
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250 µm; thirty flotation cells (see Table 4.1), treating a S:L (v/v) slurry of 1:4 to 1:3;
and a water supply system of 2 m3/t.
 July 10 – Mining Headquarters of Murcia estimates a quote of 1600.00 pesetas on
the occasion of its visit to the group of mining concessions Belleza, to address the
research programme previously submitted.
 July 29 – The company Minerales de Cartagena, S.A. submits to the chief engineer
of the mining district of Murcia a project to supply water to Belleza from the well
Cielo (located 1.5 km away from the plant), asking for permission to cross the
pipeline route a railway and a road.
 September 3 – After the visit to Belleza, the company pays 4302.70 pesetas to the
Mining Headquarters of Murcia, being authorized to build the production facilities.
1953
 April 9 – Mining Headquarters of Murcia estimates a quote of 1280.00 pesetas on
the occasion of its visit to the group of mining concessions Belleza, to address the
project of the tilted plane, previously submitted.
1954
 March 22 – The company Minerales de Cartagena, S.A. submits a letter to the chief
engineer of the mining district of Murcia, announcing that the assembly and
construction of the production facilities have finished, thus requesting a visit to get
the commissioning license.
 March 23 – After the technical visit to Belleza, the company pays 2265.65 pesetas to
the Mining Headquarters of Murcia.
 March 24 – Mining Headquarters of Murcia authorizes the company Minerales de
Cartagena, S.A. to carry out its mining activities, pointing out in the Minutes certain
safety improvements to implement.
Table 4.1. Reagents used in the three flotation circuits of the plant Belleza.
Concentration
Number of cells
pH
pH modifiers
Frothers (to stabilize
the foams)
Collectors

Other chemicals

2 kg/t
10–30 g/t
40 g/t /SEX)
40 g/t (SAX)

Galena
10
7.8–8.0
Lime (CaO)
Cresylic acid

—Sodium ethyl
xanthate (SEX)
—Sodium amyl
xanthate (SAX)
20 g/t (NaCN) NaCN as sphalerite
100 g/t (CuSO4) and pyrite depressor

Sphalerite
10
8.5–8.7
Lime (CaO)
Cresylic acid

Pyrite
10
9.0–9.7
—
Pine oil

—Sodium ethyl
xanthate (SEX)
—Sodium amyl
xanthate (SAX)
CuSO4 as activator

—Sodium ethyl
xanthate (SEX)
—Sodium amyl
xanthate (SAX)
CuSO4 as activator

1963
 October 14 – The owner company Montesoria, S.A. submits a letter to the chief
engineer of the mining district of Murcia, announcing the tailings dam failure at 8:00
a.m. The slurry achieves the downstream road and railway, as depicted in Figure 4.2.
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Figure 4.2. Failure of El Descargador tailings dam. Horizontal projection of the area covered by
the mudslide (above) and cross section of the flow slide mass (below). Archive image from the
Archivo General de la Región de Murcia (2017).
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 October 15 – In the afternoon, the road from La Unión to Llano del Beal is opened
to traffic.
 November 20 – The Court of First Instance of La Unión asks the Mining
Headquarters of Murcia for gathering information of the failure.
 November 26 – The company Montesoria, S.A. requests authorization for installing
a new tailings dam in the Cabezo Trujillo, located 2 km away from the plant.
 November 30 – The report concerning the accident (conducted by the Mining
Headquarters of Murcia) states that the failure happened at 7:45 a.m., perhaps due to
have reached an excessive height. There were no eyewitnesses. No significant
infringements have been noted and it is required not to discharge more tailings in the
dam.
4.2.

PEÑA DEL ÁGUILA TAILINGS DAM

The froth-flotation plant Hércules treated a variety of gravity-concentration spoils,
mainly in the surroundings of the mining concessions Hércules, San Antonio, Esperanza,
Isabela, and Oriolenza, as well as materials coming from the company Peñarroya, all of
them enriched in galena, sphalerite, and magnetite. Its resulting tailings were stored in the
deposit sampled in this study, which is an extension of the older tailings dam located in
the NW (see Figure 4.3). The froth-flotation plant mentioned above had a capacity to treat
200 t of mineral per day and water supply came from the well Santo Tomás. Table 4.2
shows the reagents used in the process. The description below is the chronology of some
legal actions related to this dam.
1958
 February 5 – Mining Headquarters of Murcia authorizes the company Minera
Hércules, S.A. for installing a froth-flotation plant in the site called Cabezo Redondo.
 March 7 – Minera Hércules, S.A. gets the commissioning licence to carry out its
mining activities.
 May 27 – Minera Hércules, S.A. requests authorization for installing a dam with a
water clarification system to separate the solids from the post-flotation wastes.
 November 13 – The Mining Headquarters of Murcia authorizes the installation of a
magnetic separator to recover magnetite after the galena circuit.
Table 4.2. Reagents used in the two flotation circuits of the plant Hércules.
Concentration

Galena
Number of cells
8
Frothers (to stabilize the foams) 50 g/t
Pine oil
Collectors
150 g/t
Sodium ethyl xanthate
Other chemicals
200 g/t (NaCN) NaCN as sphalerite
250 g/t (CuSO4) depressor
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Sphalerite
8
Pine oil
Sodium ethyl xanthate
CuSO4 as activator

Figure 4.3. Froth-flotation plant and tailings deposits in Peña del Águila landscape
(http://fototeca.cnig.es).

1959
 January 29 – The Mining Headquarters of Murcia authorizes the project of the water
clarification system.
1961
 February 17 – Minera Hércules, S.A. requests authorization for installing a jaw
crusher in the froth-flotation plant.
1970
 March 31 – The owner Bibiano López Lucas requests authorization for enlarging the
tailings dam surface to store the wastes from the froth-flotation plant Hércules.
 September 18 – The civil government of Murcia approves the project to place the
new dam on the Rambla de la Pinada (also known as Barranco de Magreros), with
an estimated area of 10 200 m2, a storage volume of 95 000 m3, and a service period
of 6 years.
 November 2 – The Mining Headquarters of Murcia authorizes the project in the same
vein.
1971
 November 27 – After the technical visit to the facilities, the competent authorities
allow Bibiano López Lucas to store the wastes in the new area.
1973
 October 22 – After the annual inspection of the facilities, the Mining Headquarters
of Murcia states that there is a collapse of the south wall of the dam, later corrected.
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It considers that the production rate—90 t per day—is low and requires not to exceed
10 m height.
1974
 March 14 – Froth-flotation plant Hércules is uneconomic and closes its operations.
4.3.

LA PERALEJA TAILINGS DAM

Post-flotation wastes of this structure comprise materials coming from the group
Santa Teresa, that includes the mining concessions Satanás, Demasía a Satanás,
Angelita, Brunita, Dicido, El Juanito, Aries, Demasía a Aries, La Luz, Santa Ana,
Resolución, La Francisca, Los Burros, Riqueza abandonada, Primogénito, and Demasía
a Primogénito. In 1981, the froth-flotation plant related had a capacity to treat 25 t of
mineral per day, with a water consumption of 1.8 m3/t. Water supply came from Taibilla
channel, mining wells, and reclaimed process water. The different stages involved in
concentrating the valuable minerals (galena, sphalerite, and pyrite) appear in Figure 4.4.
The description below is the chronology of some actions and events related to this dam.
1949
 May 30 – The mining company Francisco Celdrán Conesa is authorized for
installing the froth-flotation plant Santa Teresa in the site La Esperanza.
1956
 September 13 – The mining company Eloy Celdrán Conesa is authorized for
extending the facilities of the froth-flotation plant Santa Teresa in the site La
Esperanza.
 November 8 – The mining company Eloy Celdrán Conesa is authorized for extending
the primary crushing facilities of the froth-flotation plant Santa Teresa in the site La
Esperanza.
1958
 December 30 – Prospecciones industriales, S.A. performs a geophysics research in
the group of mining concessions Santa Teresa finding, by electrical logging, areas of
high mineralization.
1959
 February 7 – Prospecciones industriales, S.A. accomplishes a geological survey,
defining the area as highly favourable for mining exploitation.
 March 7 – Prospecciones industriales, S.A. performs magnetic prospectings in the
mining concessions Los Burros, Riqueza abandonada, and surroundings,
complementing the electrical logging study conducted previously.
1972
 October 20 – Failure of the tailings dam Brunita due to liquefaction after a heavy
rain. The slurry wave kills one person. After the accident, the new tailings dam
associated to the froth-flotation plant Santa Teresa will be La Peraleja, located 400
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m to the West of the dam Brunita. The consequences of the failure appear in Figure
4.5.

Figure 4.4. Original layout of the machinery employed in the froth-flotation plant of the mining
group Santa Teresa, taken from the plan of mining labours (1981).
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Figure 4.5. Failure of Brunita tailings dam (La Unión, Oct. 20, 1972), owned by the company
Minera Eloy Celdrán Conesa.
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 October 25 – A report on the likely causes of the tailings dam failure in Brunita
accounts for a slurry spillage of 70 000 m3, with an affected area of 160 000 m2. The
incident caused an interruption of the traffic road, railway service, drinking-water
supply, and phone lines with La Unión. The document expresses the difficulty of
finding another area to dispose the tailings, stating as an alternative solution the
deposition on the Mediterranean Sea through the Gorguel rambla.
1981
 February 28 – A report signed by the group Santa Teresa speaks openly about the
difficult situation they are going through. It also refers that the Sierra de Cartagena
has no ecological value.
 July 3 – Approval of the open-pit mining labours for the current year, in relation to
the mining concessions La Francisca, Resolución, Demasía a Resolución,
Primogénito, and Demasía a Primogénito, property of the mining company Eloy
Celdrán Conesa. These mines are located in the area known as Cruz Chiquita. The
minerals recovered are sold to Fundición S.M.M.P.E. (galena), Española del Zinc,
S.A. (sphalerite), and E. R. Tinto (pyrite).
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CHAPTER

5

Sampling methods and
preparation of slurries

5.1.

GEOMORPHOLOGY OF TAILINGS DAMS

There is a close relationship between mining activities and geomorphology. Research
interest in landscape alterations caused by raw material extraction dates back to the 1960s
(Szabó and Lóczy, 2010). In the past, the abandoned mining landscape in the Sierra de
Cartagena – La Unión have been associated to an undesirable and unpleasant scenery.
However, the mere possibility of using this location as an exhibition site to develop
specialised tourist or industrial projects gives now an environmental value to the land.
Disposal of tailings requires an efficient management to help the dam structures
evolving towards a new state of equilibrium. Appendix 2 reveals the current regrettable
state of the three cases under review. All of them are off-valley facilities, with a
progressive construction following the upstream method. Emissions to air, water, and
land make these structures a sturdy hazard to the neighbouring population. Table 5.1
summarizes its main features.

5.2.

SAMPLING DESIGN

The main criterion driving the sampling process was to compare the rheological
differences between unaltered post-flotation wastes and weathered materials which
underwent flow failure. Most of the specimens were collected in El Descargador tailings
dam (22 out of 24). To complement other aspects of the study, two additional specimens
were collected, one in Peña del Águila tailings dam, and another in La Peraleja tailings
dam.
Apart from the rheological study, the physico-chemical characterization of the postflotation wastes involved the following aspects:









Particle size distribution by laser diffraction
Particle density by helium stereopycnometry
Stereomicroscopy
Light elements determination by CHN analysis
Compositional analysis by wavelength dispersive X-ray fluorescence
spectrometry (WDXRF)
Mineralogical composition by X-ray powder diffraction (XRD)
Decomposition behaviour by thermogravimetric analysis coupled to mass
spectrometry (TG–MS)
Acid mine drainage (AMD) response by normalised leaching tests

5.2.1. Trial-pit profile in El Descargador tailings dam
Sampling campaign was performed on 28 May 2015, using an existing trial pit—1.7
m high and 1 m wide—made to the East wall of the dam (see Figure 5.1a), close to the
foundation ground. One could appreciate a thick duricrust layer towards the slope surface,
preventing access to the internal zones of the dam by non-mechanical means. Nine
representative layers were sampled on the left side of the pit (see Figure 5.1b). Around
200 g per layer were collected, being P1 the lowest sample and P9 the highest one.
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Table 5.1. Main characteristics of the tailings dams studied (Vadillo et al., 2014).

IGME code
Municipality
Tailings area (m2)
Storage volume (m3)
Dam height (m)
Latitude
Longitude
X (m)
Y (m)
Z (m)
Upstream catchment
area (m2)
Dimensions (m)
Average wall slope
Foundation ground
Foundation slope
Outline

El Descargador
977 II 4 027
La Unión
25500
370000
40
37º 37′ 2.54″ N
0º 51′ 42.53″ W
688709
4165513
190
140000

Peña del Águila
978 I 3 022
La Unión
35980
330000
12
37º 36′ 16.36″ N
0º 5′ 8.96″ W
691036
4164142
182
121620

La Peraleja
977 II 4 017
Cartagena
88170
500000
24
37º 36′ 13.29″ N
0º 53′ 52.06″ W
685568
4163923
123
708440

198 long · 144 wide
40º
Micaschists
38º
—Main deposit
—4 subsequent stages of
construction
—Supernatant pond

332 long · 160 wide
14º
Conglomerates
12º
—Main deposit
—6 subsequent stages of
construction
—Decant pond drained
out
—Generalised flow
failure
—Mudslides, cracks,
scours, piping, sand
dikes, and collapse.
—Regional Park of
Calblanque
—Magreras gully

430 long · 300 wide
40º
Phyllites and quartzites
5º
—Main deposit
—2 subsequent stages of
construction
—2 decant ponds

Failure signs

—Mudslides
—Structural liquefaction
—Sand segregation

Vulnerable elements

—F-44 road
—F-43 road
—Renfe Feve line

Metal concentrations in the sludge
Cr (ppm)
369
Cu (ppm)
302
Zn (ppm)
3466
As (ppm)
1262
Pb (ppm)
4252
Normalised leaching test, according to DIN (1984).
pH
3.30
EC (µS/cm)
3360
Al (ppb)
104000
Cr (ppb)
4
Co (ppb)
96
Ni (ppb)
168
Cu (ppb)
472
Zn (ppb)
61236
As (ppb)
8
Se (ppb)
19
Cd (ppb)
411
Pb (ppb)
1829
Datum: ETRS89. Projection: UTM-30.
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—Overtopping failure
—Sand segregation

—Oil refinery
—Alumbres village

254
97
3997
97
1861

276
113
454
205
730

6.55
1964
26
0.2
0.3
1
1
614
0.7
—
7
8

3.84
851
6365
0.3
12
30
58
566
0.5
1
8
90

Figure 5.1. (a) Trial pit excavated in the East wall of El Descargador tailings dam. (b) Strata
sampled, showing the sand-silt composition for every layer (ranging 1–21 cm thick) (modified
from Bazán, 2015).
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Once collected, these specimens were kept fresh in sealed plastic bags as long as
possible, until they were prepared for every analytical instrument (in a typical size range
of 10 mg – 10 g), in order to avoid a quick oxidation.
Layering structure (Figure 5.1b) revealed two types of materials:
—A fine-grained dark grey material, water saturated and with a high plasticity. Its
thickness ranged from a few milimetres to several centimeters. When dried, this paste
easily crumbled between the fingers.
—A coarse- to medium-grained dark grey material, with red-to-white shadings,
depending on the occurrence of hydrated sulfates, iron hydroxisulfates, and iron
oxyhydroxides. It was also saturated and stratified in centrimetric layers.
5.2.2. Failure surface in El Descargador tailings dam
The same day (28 May 2015), we gathered 13 samples—around 200 g each—onto a
failure surface occurred to the North wall of the dam (Figure 5.2), being W1 the bottom
sample and W13 the top sample. These specimens were collected along the line drawn in
Figure 5.3a, following the pattern shown in Table 5.2.
Horizontal layers of mud appeared cross-cut by water-escape channels typically
made of sand. These clastic dykes start at the base of the dam with a sheet thickness of
5–10 mm, increasing up to 10–20 cm as the level rises. All over the failure surface, one
can distinguish sheet-like vertical bodies, connected towards the surface forming irregular
polygonal shapes (quadrilaterals, pentagons, or hexagons), as well as sand volcanoes
(Nichols, 2009).
Table 5.2. Sampling data relative to the foot of the slope, following the vertical sand dykes that
protrude from the failure surface.
W1 W2
Relative distance (m)
Slope (º)

0
0

1
34

W3

W4

W5

W6

W7

W8

2
42

3
37

4
44

5.6
38

7.2
33

8.8
32

W9 W10 W11 W12 W13
11
13

13
11

15 16.8 23.6
15
17
8

5.2.3. Sampling in Peña del Águila and La Peraleja tailings dams
The sample collected in Peña del Águila tailings dam—labelled as PA—was taken
on 17 June 2016 on the main deposit of the structure, focusing on the finest fraction of
the wastes, that is, avoiding the sand dykes which appear in Figure 5.4a. Later, the dried
material was sieved in the laboratory to aim the tests over the fraction lower than 50 µm.
Around 3 kg of waste was harvested in this location.
Conversely, we concentrated on the sand dykes of La Peraleja tailings dam (sample
PE), to perform exhaustive tests over these materials coming from liquified sediments
resulting from an elutriation process across the bedded tailings. Around 3 kg of sediment
was harvested on the main deposit of the dam (see Figure 5.5b), on 16 June 2016.
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Figure 5.2. (a) Failure surface in the North wall of El Descargador tailings dam. (b) Detail of the
water-escape structures (below) coexisting with the original horizontal layers (above). Samples
W1–13 were collected along these vertical sand dykes.
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Figure 5.3. (a) Top view of the Northern mudslide sampled in El Descargador tailings dam. (b)
Topograhic reconstruction of the slope that enclosed the sampling line.
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Figure 5.4. (a) Sampling position in Peña del Águila tailings dam. (b) Sampling position in La
Peraleja tailings dam.
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5.3.

SOLID CONCENTRATION CALCULATIONS

The materials sampled in this research were used to prepare highly concentrated
mineral suspensions to be characterized rheologically. But what is the concentration range
to consider? As abandoned post-flotation tailings in a semiarid climate are cake-like
materials, the highest concentration is the one that let us mix the mine waste with water,
eventually entering the rheometer cup. On the other side, the slurry-like response, in
which the Newtonian behaviour prevails—with a negligible yield stress—is the lowest
concentration to consider (see Figure 5.5).

Figure 5.5. A typical shear strength vs. concentration curve for a tailings suspension yields
(Boger, 2013).

Taking into account the distinctive characteristics of the mining industry in the Sierra
de Cartagena – La Unión, one can build yield-stress concentration curves varying from
45% to 65% w/w for fine-grained suspensions, and ranging 52–75% for coarse-grained
ones.
In practice, to prepare a solid mass fraction xi of a suspension, the needed water
volume was weighed using a precision balance (model PB3002-S, Mettler Toledo,
Switzerland, 0.01 g readability). The required solid mass was weighed and poured over
the water, mixing the suspension with a spatula until all particles were wetted. Finally,
the concentrated suspensions were left overnight at 60 rpm in a homogenizer (GKH – GT
Motor Control, Glas-Col, USA) to ensure a thorough mixing.
The solid mass fraction xi of the suspension can be converted to solid volume fraction
ϕi if the particle density ρp (≈ 3, as shown in Table 7.15) and the liquid density ρl (≈ 1) are
known, using the Equation 5.1:
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1⁄

/

(5.1)

1

Furthermore, conversion from ϕi to xi can be done with Equation 5.2:
1
⁄

1

1⁄

(5.2)

1

Finally, the suspension density ρs can be calculated using the Equation 5.3:
x⁄

1
1

(5.3)

x ⁄

A summary of the calculations performed in this study is featured on Table 5.3.
Table 5.3. Series of suspensions used in this research.
ρs (g/mL)
2.00
1.88
1.76
1.72
1.67
1.58
1.53
1.50
1.46
1.43

x (% w/w)
75
70
65
63
60
55
52
50
47
45

ϕ (% v/v) Solid mass (g) Water volume (mL)
50.00
60.00
20.00
43.75
52.50
22.50
38.24
45.88
24.71
36.21
43.45
25.52
33.33
40.00
26.67
28.95
34.74
28.42
26.53
31.84
29.39
25.00
30.00
30.00
22.82
27.38
30.87
21.43
25.71
31.43

Final volume (mL)
40
40
40
40
40
40
40
40
40
40

A spreadsheet application (Microsoft Excel 2016) was used to execute the
calculations needed. Input data were entered in x column, ρs column was filled up using
Equation 5.3, ϕ column was completed with Equation 5.1, and water volume Vl was
calculated using the expression 5.4:
Solid mass

100
ϕ

ϕ

(5.4)

Provided that final volume follows the formula: Final volume = (Solid mass / 3) +
Vl, the Goal Seek feature implemented in the spreadsheet application was used to compute
the solid mass input value the formula needed to get the result 40.
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CHAPTER

6

Analytical methods

6.1.

RHEOLOGY

Rheology is the study of the flow and deformation of materials. Experimental
characterization of the rheological behaviour of a material concerns both solid and fluid
mechanics. In particular, suspensions are structured liquids with elastic and plastic
performance.
Rheological measurements were performed using the stress-controlled shear
rheometer AR-G2 (TA Instruments, Leatherhead, UK) with commercial computer
software (TA Instruments Trios Version 4.0.1 to control the bench and evaluate the
resulting curves). In this combined motor and transducer (CMT) instrument, the lower
component of the measuring system is fixed, while the upper component is attached to a
shaft, which can be rotated by a torque produced by an induction motor. The constraint
on the low torque performance is the friction between the rotating and the stationary
components. An induction motor is used because of its stability, quick response, and low
friction. Moreover, a magnetic bearing supports the rotating shaft, avoiding the friction
of the former air bearing systems. See Figure 6.1 for more details.

Figure 6.1. (a) Schematic view of the AR-G2 rheometer; (b) In this cutaway is represented the
core of the instrument, where rotating components are shown in red and stationary components
in grey (Costello, 2005).

6.1.1. Rheological sensors
Four different rheometric sensors (see Table 6.1 for the specifications of the different
geometries and Figure 6.2 for a scale drawing of them) were tested to determine the most
adequate geometry to obtain valuable results in the determination of yield stress. All of
them are concentric-cylinder geometries except for the parallel-plate geometry. In
addition, they include—with the exception of helicoidal rotor—a Peltier temperature
system to meet the widest range of material applications.
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DIN rotor used in this study is a popular bob design based on a German standard
(Deutsches Institut für Normung, 53019). End-effect problems are reduced by designing
the bottom with a slight angle (it is also called a Mooney-Couette bob) in an effort to
make the shear rate at the bottom equivalent to the shear rate in the annulus. The proper
angle is calculated by equating the annular shear rate to the shear rate in the gap. High
particle sizes limit the utility of this rotor (Steffe, 1996), but this is a great option for lower
viscosity systems, less than 100 Pa·s (Macosko, 1994).

Figure 6.2. Rheometric sensors used in this study to determine yield stress in concentrated
suspensions. Most of results were obtained from the two types of vaned rotors employed.

Vane rotors are especially designed for samples with a yield stress, being very
suitable for mineral suspensions. A vane inserted into a fluid creates far less disturbance
than a solid bob, and large particles report fewer problems with wider gap devices.
Strongly shear-thinning fluids (n < 0.5 in the Oswald-De Waele model) move within the
vanes as a solid plug, preventing wall slip. For less shear-thinning fluids there will be
secondary flow between the paddles, and the sensor will not give correct viscosity shear
rate data (Macosko, 1994). Ease of cleaning is another advantage of this geometry. A
four-blade vane rotor is used in this study, as described in Table 6.1. Additionally, the
manufacturer sells a wide-gap vaned rotor of 38 mm immersed height and 7.5 mm of
rotor radius, capable to deal with larger particles dispersed in the mineral suspensions. In
this case, the annular gap is 7.5 mm, instead of 1 mm in the standard vane. Anyway, in
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25.394
—
60

—

2.83 1000–1500

—

23579 Stainless steel

Aluminum
18088
2.739
42.00
18.5

A helicoidal rotor provides an accurate and
powerful tool to characterize unstable materials. It
uses an original impeller design for mixing,
reduction of water loss, and control of sedimentation
during testing. The actual sample temperature is
measured and controlled in a temperature chamber
with heating and cooling rates up to 30 °C/min. This
option is the most adequate to study the
gelatinization of raw and modified starch products,
as well as the properties of the starch gels (TA
Instruments, 2009).
Parallel plates have cross-hatched surfaces in
contact with the sample, to avoid its slippage. As
water suspensions are prone to drying due to solvent
evaporation during testing, a solvent trap accessory
creates a vapor barrier, nearly eliminating any
solvent loss during the experiment. The geometry
includes a well that contains the volatile solvent
present in the sample. The solvent trap cover
includes a blade that is placed into the solvent
contained in the well without touching any other part
of the upper geometry. This is a standard sensor used
in most of the applications, because of its sample
loading simplicity for very viscous materials and
soft solids.
6.1.2. Rheometer calibration
The manufacturer establishes a routine for
monitoring the performance of the rheometer. The
verification of system calibration factors includes
instrument inertia, geometry inertia, air bearing
friction and torque mapping. An additional
verification with a standard oil completes the
procedure.
6.1.2.1. Calibrating inertia

Parallel plates

Helicoidal rotor

16.5

55

5500

2000

46537 Stainless steel
1.558
7500
29.69
15
7.5
Wide-gap vane rotor

38

4000

3.125
32.52
15
14
Standard-gap vane rotor

42

4000

1000

18088 Stainless steel

Aluminum
18088
4.339
1000
4000
21.26
15
42
14
DIN rotor

Material
Rotor radius Rotor height Cup radius Minimum sample Bottom gap Lateral gap Geometry inertia Shear stress
(mm)
(mm)
volume (mL)
(µm)
(µm)
(mm)
(µN·m·s2) factor (1/m3)
Rheometric sensor

Table 6.1. Specifications of the different sensors considered in the study.

both cases, the gap between the rotor and the bottom
of the cup is 4 mm. Finally, a cup with a lateral
grooved surface is also available to minimize wall
slip.

Ideally, the stress applied by a rheometer would
act exclusively upon the loaded sample. However,
practice shows that moments of inertia of the
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rheometer spindle and the geometry components are not negligible, because some of the
applied torque is used to accelerate or decelerate the moveable mechanism until steady
state is reached. These corrections are made automatically in oscillation mode. In the
flow mode, inertia correction is critical when low viscosity materials are being measured
using fast ramps over a wide shear range.
Inertia value of the instrument should not change significantly with time.
Nevertheless, a poor quality of the air supply can initiate a persistent drift of the
instrument inertia. This process lasts 30 s.
In order to calibrate the measuring system inertia, the corresponding geometry should
be properly attached to the drive shaft, what implies to be held while the draw rod is
placed in the screw thread of the geometry, and screwed it upwards. It should be screwed
finger tight, but not forced, as indicated in the online help linked to the software. This
process takes 30 s.
6.1.2.2. Calibrating for friction
This calibration step is accomplished to minimize the inherent friction of the airbearing system. Because each bearing system is different, a unique correction factor is
applied to each device. Residual friction related to air bearing is only significative when
testing low viscosity samples. The process is done with the geometry attached and lasts
30 s.
Particularly, the procedure should be carried out in case air supply is unstable.
Besides, a rise in the correction factor in a short period of time involves a worsening of
the bearing performance.
6.1.2.3. Rotational mapping
An air bearing device has small tolerances around every revolution of the shaft. These
variations can be compensated by combining the absolute angular position data coming
from the optical encoder with the microprocessor control of the motor. To create a map
of these deviations, the device rotates the air bearing at a fixed speed, adjusting the torque
required to keep this speed through a revolution. A precission mapping of 3 minutes
provides the most accurate baseline correction of the torque.
A torque mapping is performed with the required measuring geometry attached to
the rheometer. Furthermore, it is helpful to set 2–3 consecutive mapping iterations when
using a very low torque (less than 10 µN·m).
6.1.2.4. Verification tests
Verification testing with a rheology standard can be performed by flow, creep, and/or
oscillation tests.
A certified viscosity standard oil (S600, Cannon Instrument Company, USA) was
used to verify the performance of the rheometer. The following tests required the use of
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a cone-and-plate measuring system, with a conical angle of 1º and a radius of 6 cm. As
shown in Figure 6.3, gap is set at the truncation distance (T), which is 27 µm in this case.

Figure 6.3. Cone-and-plate measuring system showing correct filling and correct gap adjustment
(TA Instruments, 2008).

Both flow and oscillation tests were run at 25 ºC, in linear mode, registering 10 points
per segment.
The flow test required a sample equilibration at 25 ºC for 1 min at least. It consisted
of two continuous ramps (0–88 and 88–0 Pa of shear stress, which is to say 0–5000 and
5000–0 µN·m of torque), each lasting 3 min. After the test completed, result was analyzed
using a Newtonian model. Averaging 20 sample points, viscosity values were always
within ± 3%. A repeatability study over 5 different fresh samples is displayed in Figure
6.4. The relative error among these independent results was 1.23%.
The oscillation test involved a frequency sweep in the range 1–10 Hz, where the
controlled variable was 28.636% strain. In this test a fixed amplitude is applied while
frequency is changing. In the present Newtonian liquid, the storage modulus, expressing
the solid component of the material, is negligible (G' ≈ 0, and thus η" = 0). The viscosity
of a liquid with no solid component is G"/ω (experimentally, │η*│≈ η'). Again, Figure
6.5 shows a repeatability study over 5 different fresh samples. Averaging 10 sample
points, complex viscosity values were always within ± 3%. The relative error among
these independent results was 0.31%, demonstrating better reproducibility for oscillation
tests compared to flow tests. Cox-Merz rule is an empirical relationship that transforms
oscillation into flow results, leading to the equivalent viscosity–shear rate plot.
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Figure 6.4. Flow tests displaying the repeatability study over 5 different fresh samples of the
standard oil. The certified viscosity at 25 ºC (1.062 Pa·s) and the tolerance limits appear as
horizontal lines.

6.1.3. Rheological tests for mineral suspensions. Measurement limits.
Rheological behaviour of concentrated suspensions is highly affected by the
interactions of the solid particles dispersed in the liquid. This is the reason why materials
in this category are considered structured fluids. Many of the different tests used to study
these materials have to do with yield stress. Following are some of the different
rheological test methods considered in this study. All of them corresponds to a silty-loam
texture (sample P9) because finer suspensions minimize lateral-gap problems.
Practical measurement limits for every method depend on:
—Rheometer specifications
—Tool geometry specifications and constancy of its gap during shear
—Newtonian range of every type of material
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Figure 6.5. Oscillation tests displaying the repeatability study over 5 different fresh samples of
the standard oil. The certified viscosity at 25 ºC (1.062 Pa·s) and the tolerance limits appear as
horizontal lines. Up and down curves are included for every test.

6.1.3.1. Rheometer specifications
Table 6.2 summarizes the technical specifications for the rheometer AR-G2, used to
test the viscoelastic properties of the mineral suspensions.
Table 6.2. AR-G2 rheometer specifications
Characteristic
Maximum torque
Minimum torque oscillation in controlled-rate mode
Minimum torque oscillation in controlled-stress mode
Minimum torque steady in controlled-rate mode
Minimum torque steady shear in controlled-rate mode
Frequency range
Angular velocity range in controlled-stress mode
Angular velocity range in controlled-strain mode
Angular displacement resolution
Step change in velocity
Step change in strain
Normal force range

Specification
200 mN·m
0.003 µN·m
0.003 µN·m
0.01 µN·m
0.01 µN·m
7.5·10–7–628 rad/s
0–300 rad/s
1.4·10–9–300 rad/s
25 nrad
7 ms
30 ms
0.005–50 N
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6.1.3.2. Vane-and-cup rheometric factors
This geometry is very suitable to study mineral suspensions because it has the
advantage of hardly affect the internal structure of the dispersion when inserting it into
the material, compared to other tools.
In this sensor, the actual sample temperature is controlled using a circulating water
bath and a Peltier system, which are able to keep the temperature in the range 0–100 ºC.
Maximum ramp rate is 15 ºC/min when cooling, and 13 ºC/min when heating. Pt100
internal resolution is 0.01 ºC.
The standard-size vaned rotor—serial number 993635—is made of stainless steel,
has a stator inner radius of 15 mm (R2), a rotor outer radius of 14 mm (R1), and a cylinder
immersed height of 42 mm (H), what implies a fixed bottom gap of 4 mm. Once
calibrated, rotational inertia of this geometry was 3.134 µN·m·s2. Minimum sample
volume is 32.52 mL and, once each rheometric test is performed, tool backoff distance is
90 mm.
Measuring system factors (shear stress factor Fσ, shear strain factor Fγ, shear rate
factor , and normal force factor FN) are used to convert every instrument variable
(torque M, angular displacement ϕ, angular velocity Ω, and normal force Fz) into their
respective sample variable (stress σ, strain γ, shear rate , and normal stress N). For this
geometry, Equations 6.1–6.4 show the calculated factors involved in their respective
mathematical expressions:
18088
ϕ≡
Ω

Ω

–

14.52

14.52
1.000

(6.1)
Ω

(6.2)

Ω

(6.3)

–

(6.4)

FN is equal to 1 because when concentric cylinders—e.g. DIN, recessed end or
vaned—are used, information on normal stresses cannot be obtained. Additionaly, a
measuring system factor Fm, is defined as follows:
⁄

18088⁄14.52 1246 m–3

(6.5)

A fluid density factor Fρ is used in the correction for sample inertia in oscillatory
measurements. For this geometry, Fρ = 2.412 ·10–10 m5.
Form factor calculations, valid for all single concentric cylinders are obtained from
the expressions 6.6–6.8, as shown in Figure 6.6:
1
4

4
0.014
0.015
1

4
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1
0.014
0.042 0.014
0.015
0.014

0.015
0.015

18088

6.7

14.52 1/rad

1
0.015
0.042 0.014

0.014
0.015

6.6

1246

6.8

Similarly, the wide-gap vane sensor—serial number 107041—is made of stainless
steel, has a stator inner radius of 15 mm (R2), a rotor outer radius of 7.5 mm (R1), and a
cylinder immersed height of 38 mm (H), what implies a fixed bottom gap of 4 mm. Once
calibrated, rotational inertia of this geometry was 1.558 µN·m·s2. Minimum sample
volume is 29.69 mL and, once each rheometric test is performed, tool backoff distance is
90 mm. The geometric constants of this sensor are:
Geometry inertia: 1.55842 µN·m·s2
Friction: 0.265667 µN·m/(rad/s)
Stress constant Fσ: 46536.5 m–3
Strain constant Fγ: 1.67 1/rad
Fluid density constant Fρ: 2.384 ·10–10 m5
Figure 6.6. Vane-and-cup system showing its
dimensions.

6.1.3.3.

Flow measurements

Isaac Newton was the first scientist who
formalized the study of the flow of liquids, in the
late seventeenth century. He observed that some
liquids flowed more easily than others, and that
the flow rate of each material depended on the
force applied to it (TA Instruments, 2004).
Newton’s vocabulary is nowadays updated
in terms of stress σ and strain γ. Stress is the
force over an area, applied to a sample; strain is
the relative displacement in response to the
stress. The viscosity of a liquid  is thus defined
as the stress divided by the rate of change of
strain (dγ/dt, also known as shear rate .
Newton’s law postulates that the viscosity of a
material is independent of the applied shear rate.
In this way, the stress is proportional to the flow
rate:
(6.9)
Newton's law of viscosity is a constitutive
equation (like Hooke's law), what means that it
is not a fundamental law of nature but an
approximation that holds in some materials
(Newtonian fluids) and fails in others (non-Newtonian fluids).
Viscosity is independent of the applied shear rate in simple liquids and very dilute
dispersions. Nevertheless, many materials behave in a highly complex way. Current
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rheometers are designed to explain and test those deviations from the Newtonian
behaviour.
Figure 6.7 exemplifies the different flow behaviour of Newtonian and nonNewtonian fluids. Pseudoplasticity—also known as shear thinning—is the most common
type of non-Newtonian behaviour, decreasing the viscosity with increasing stress. This
property is certainly dangerous in concentrated suspensions that can exhibit an avalanche
flow.
Concentrated mineral suspensions belong to the category pseudoplastic behaviour
(with or without significant yield value). Considering the generalized flow curve (Figure
6.8), in the low-shear Newtonian region, Brownian diffusion—3D structure with higher
viscosity—predominates over hydrodynamic interaction—which start to form 2D arrays
of particles coincident with the plane of shear, while shear thinning occurs. Conversely,
in the high shear-rate Newtonian region, the layers slide freely, the hydrodynamic
interaction prevails over the Brownian diffusion, and hence a much lower viscosity is
achieved.

Figure 6.7. Types of rheological behaviour in simple shear. (a) Flow curves for various systems.
(b) Viscosity–shear rate relationship (Tadros, 2010).
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Appart from the applied stress, viscosity can also decrease—rarely increases—during
the time for which the stress is applied. This property is known as thixotropy.
Temperature is another variable that modifies viscosity, which typically decreases with
increasing temperature.
Depending on the shear region in which we center the study, the material can behave
in a Newtonian, shear-thinning or shear-thickening way. This criteriom implies that the
sample does not belong entirely to any of those rheological types.
Discarding the shear-thickening region, it is feasible to modelize the shape of the
curve using different analysis models, which will fit to the flow behaviour according to
the variables plotted and the way they are represented—in linear or logarithmic mode.
Table 6.3 summarizes the main analysis models used by the software (TA Instruments
Trios Version 4.0.1). These models sometimes explain a limited region of the flow curve,
needing additional models to fit other regions beyond that shear-rate range.

Figure 6.8. Generalised flow curve (TA Instruments, 2004).

Newtonian model describes the simplest type of flow behaviour, where viscosity is
independent of shear rate.
Power-law equation is the simplest non-linear equation, being replaced the viscosity
by a consistency coefficient (k). n is the power-law index. Most materials are shear
thinning and the equation only covers a limited range of shear. Some concentrated
dispersions present a shear-thickening behaviour.
Bingham is a yield-stress model in which σy is the yield stress and η the Newtonian
viscosity at a stress higher than the yield stress. σy appears when plotting shear stress
versus shear rate.
Casson model is a variant of the Bingham yield-stress model used to simulate a more
gradual transition from the Newtonian to the yield stress region. σy is the yield stress and
k the consistency.
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Herschel-Bulkley is a yield-stress model that includes the elements of a Newtonian,
a power-law, and a Bingham fluid. σy is the yield stress, k the consistency, and n the
power-law index. Its constitutive equation modelizes a steeper transition from the
Newtonian to the yield-stress region, valid for many materials.
Viscosity models describe Figure 6.8 using up to five parameters: the low-shear
viscosity (η0 or zero-rate viscosity), the high-shear viscosity (η∞ or infinite-rate viscosity),
and the parameters related to the shear-thinning region (k, n, a).
Ignoring the shear-thickening region, Cross model fittes data over a wide range of
shear rates, using a Newtonian low-shear viscosity (η0), a Newtonian high-shear viscosity
(η∞), a consistency coefficient (k), and the power-law index +1 (n). This model fits data
from a fluid that has a low Newtonian and high infinite viscosity region with a power-law
region in between. The greater the value of k, the further to the left the curve lies, and the
greater the value of the index n, the greater the degree of shear thinning.
Table 6.3. Main analysis models used to describe the different flow curves.
Model name

Constitutive equation

Shear-stress models to describe σ vs
Newtonian
Power law

Parameters

curves

k
n = 1 (Newtonian fluid)
n < 1 (Shear thinning or pseudoplastic fluid)
n > 1 (Shear thickening fluid)

σy, η

Bingham
Casson
Herschel-Bulkley

η
k, n

√
k
σy = 0 and n = 1 (Newtonian fluid)
σy = 0 and n ≠ 1 (Power-law fluid)
σy ≠ 0 and n = 1 (Bingham fluid)

Viscosity models to describe log η vs log
1
Cross
1
1
Ellis
1
1
Carreau

σy, k
σy, k, n

curves

η0, η∞, k, n
η0, η∞, k, n
η0, η∞, k, n

1
Carreau-Yasuda

1

Williamson
1
Sisko
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η0, η∞, k, n, a
η0, k, n
η∞, k, n

Ellis model is an alternative of Cross model, using the stress instead of the rate as
independent variable, and the same four parameters. This model fits data from a fluid that
has a low Newtonian viscosity region with a transition into the power-law region.
Carreau model uses the same parameters as those of Cross model, fitting data from a
fluid that has a low Newtonian and high infinite viscosity regions with a power-law region
in between.
Carreau-Yasuda model also adopts the parameters handled in Cross model, in
addition to a, transition index that adjusts the curve between low-shear Newtonian plateau
and power-law region. This model also fits data from a fluid with very different
Newtonian viscosities and a power-law region in between.
Williamson model is used to fit viscosity data at low shear rates, where the powerlaw model fails. The characteristic parameters are a Newtonian low-shear viscosity (η0 or
zero-rate viscosity), a consistency coefficient (k or characteristic time), and the powerlaw index +1 (n or rate index).
Sisko model fits the viscosity data generated at high shear rates, where the powerlaw model fails. It uses η∞ as the Newtonian infinite-rate viscosity, k as the consistency
coefficient, and n as the power-law index.
6.1.3.3.1. Peak hold test
In this start-up experiment, the sample can be suddenly subjected to a constant shear
rate—or shear stress—after a resting period (or a pre-shear at a high shear rate, to erase
the previous shear history). When applying a constant shear rate, the effect is an overshoot
stress (σov) followed by a gradual decay towards a steady-state value. The overshoot stress
after inception of flow can be displayed as a function of time (Mewis and Wagner, 2009).
The maximum value of the curve is often associated with an apparent yield stress (Barnes
and Nguyen, 2001). It would be expected an independence of σov with the shear rate
applied, but this condition is not met in practice, observing in thixotropic systems that the
peak stress often increases—or decreases—with increasing shear rates. Additionally, wall
slip or flow heterogeneities can lead to measurement errors.
In a peak hold experiment it is necessary to set up the following test parameters (TA
Instruments–Waters LLC, 2014):




Desired temperature selection to be maintained throughout the test
Duration of the test
Selection of the desired control variable. The test can be run using either
torque/stress or velocity/shear rate as the controlling variables:
o Torque: Defined as the moment of force to be applied by the motor at each
measurement. It should be selected to be within the linear viscoelastic range
of the sample (LVR, previously established by a continuous ramp test,
before the flow starts).
o Stress: Defined as the shear stress to be applied to the sample at each
measurement. This value is determined from the torque applied, considering
the rheometric factors of the sensor. The stress can be selected to simulate
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real-life end-use conditions, or it can be a value selected to be within the
LVR of the sample.
o Velocity: Defined as the rate of change of the rotor position in reference to
the time at each measurement. The angular velocity should be selected to be
within the LVR of the sample.
o Shear rate: Defined as the gradient of velocity applied to a flowing material
at each measurement. Taking into account the rheometric factors of the
sensor, this value is used to calculate the peak angular deflection to be
applied to the sample during the measurement. The shear rate can be
selected to simulate real-life end-use conditions, or it can be a value selected
to be within the LVR of the sample.
Data collection parameters:
o Number of points: This parameter determines the total number of equallyspaced values collected within the specific range, including both initial and
final values.
o Sampling interval: This parameter defines the time interval between
consecutive data points.

In this study, before performing every peak hold test, a sample conditioning step was
included at a controlled shear rate of 100 s–1 during 30 s, to erase the previous shear
history. No equilibration step was applied subsequently, because this rebuilding process
would prevent the material to form a structure during the peak hold test, and no peak
would appear.
Figure 6.9 displays the variation of shear stress with time, when applying different
low and constant shear rates for 300 s, without unloading the sample between consecutive
tests. Each data point was registered with a delay time of 1 s. At a shear rate of 1 1/s—
outside the LVR—no yielding of the material is observed, because the sample is already
flowing. At a shear rate of 0.1 1/s, the sample is at the end of the LVR, and a sharp peak
is observed. The rate of 0.05 1/s is in the middle of the LVR, a broader yielding peak is
observed, and a lower steady-state value is achieved. In the Figure 6.10 appears the
continuous ramp test with the three rate points chosen and the LVR of the dispersion.
Figure 6.9. Variation of
shear stress with time,
applying a constant low
shear rate of 0.05, 0.1, and 1
1/s. Sample tested was a
50% w/w suspension of the
P9 specimen.
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Figure 6.10. Continuous ramp test of a 50% w/w suspension of the P9 specimen. At 0.1 1/s the
sample yielded. Sample was conditioned, but not equilibrated.

Figure 6.11 shows a repeatability study of the variation of shear stress with time,
when applying 0.1 1/s for 300 s. Before every test, the sample was pre-sheared during 30
s at a controlled shear rate of 100 1/s, without unloading the sample between consecutive
tests. Averaging the 5 values of the overshoot stress, the test provides a high precision,
with a central value of 2.52 Pa, a standard deviation of 0.01 Pa, and a relative standard
deviation of 0.42%. Although the experiment reveals a high reproducibility, a decreasing
drift due to time-dependent effects for 2 h can lower σov up to 1.78 Pa.
6.1.3.3.2. Continuous ramp test
In a rate or stress ramp experiment, one of the variables changes linearly up and/or
down, and the other variable is recorded over time. The material function of interest is
the instantaneous viscosity. When the rate or stress changes quickly, in reference to the
average relaxation time of the material, the measured stress or shear rate—and thus the
viscosity—are non-equilibrium values (TA Instruments–Waters LLC, 2014).
The critical parameter in a ramp test is the ramp rate. If the shear rate and shear stress
increases slow enough, the measured viscosity is independent of the ramp rate. If not, up
and down ramps generate different results. The difference is used to evaluate a thixotropy
index.
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Figure 6.11. Repeatability study over 5 consecutive peak hold tests over the same unloaded
sample. Variation of stress with time is plotted at a shear rate of 0.1 1/s. Sample tested was a 50%
w/w suspension of the P9 specimen.

In a flow ramp test it is necessary to choose the following parameters:
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Desired temperature selection to be maintained throughout the test
Duration of the test
Ramping mode, in which the control variable is ramped logarithmically or
linearly with time.
Selection of the desired control variable. The test can be run using either
torque/stress or velocity/shear rate as the controlling variables:
o Torque: Defined as the moment of force applied by the motor at each
measurement. It should be selected to be within the linear viscoelastic range
of the sample (LVR).
o Stress: Defined as the shear stress applied to the sample at each
measurement. This value is determined from the torque applied, considering
the rheometric factors of the sensor. The stress can be selected to simulate
real-life end-use conditions, or it can be a value selected to be within the
LVR of the sample.
o Velocity: Defined as the rate of change of the rotor position in reference to
the time at each measurement. The angular velocity should be selected to be
within the LVR of the sample.
o Shear rate: Defined as the gradient of velocity applied to a flowing material
at each measurement. Taking into account the rheometric factors of the
sensor, this value is used to calculate the peak angular deflection to be
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applied to the sample during the measurement. The shear rate can be
selected to simulate real-life end-use conditions, or it can be a value selected
to be within the LVR of the sample.
Data collection parameters:
o Number of points: This parameter determines the total number of equallyspaced values collected within the specific range, including both initial and
final values. This option is only available when logarithmic mode is
selected.
o Sampling interval: This parameter defines the time interval between
consecutive data points. This option is only available during linear
sampling.

6.1.3.3.2.1. Stress sweep
The main application of the stress ramp experiment is to assess the yield stress of
structured fluids. In a yield-stress fluid, the strain increases marginally when a low stress
is applied, flowing fast when the yield stress is exceeded.
Two methods are used to evaluate the yield stress (TA Instruments–Waters LLC,
2014):




The shear strain tangent method determines the yield stress from the intercept of
two lines extrapolated from the low rate and high rate strain. Currently, this is
one of the best ways of determining the yield point. Due to its high precision, it
is a recommended method (DIN, Technical report 143, 2005), suitable for small
yield values.
The maximum viscosity method determines the yield stress from the stress at the
viscosity maximum. The instantaneous viscosity at low stress initially grows
very quickly. With increasing stress, the material becomes liquid-like and,
consequently, the viscosity decreases and a unique viscosity maximum is
developed.

In this study, before performing every stress sweep test, a sample conditioning step
was included at a controlled shear rate of 100 1/s during 30 s, to erase the previous shear
history. After a delay time of 10 s, an equilibration step of 300 s was applied at a constant
oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of rebuilding the
material.
As an example, Figure 6.12 displays the continuous stress sweep test, when applying
a stress ramp from 10–3 to 5 Pa for 300 s. Stress values higher than 4.5 Pa generated
invalid strain points. Between consecutive tests the sample was not unloaded. A
logarithmic mode was used to register 100 points per decade.
Finally, Table 6.4 shows a repeatability study of the continuous stress sweep test,
without unloading the sample between consecutive tests. Averaging every set of 5 values
in each interpretation procedure, the shear strain tangent method provides a high
precision, with a central value of 2.36 Pa and a standard deviation of 0.04 Pa. Although
the experiment reveals a high reproducibility, a decreasing drift due to time-dependent
effects for 1 h is the responsible for a relative standard deviation of 1.49%.
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Figure 6.12. Continuous stress sweep of a 50% w/w suspension of the P9 specimen. The
maximum in the viscosity curve and the onset in the strain curve correspond to different
interpretations of the yield point.

Table 6.4. Repeatability study of the continuous stress sweep. The yield points (Pa) were
determined by the maximum viscosity and the shear strain tangent methods.
Test
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Maximum viscosity method (σ, Pa) Shear strain tangent method (σ, Pa)

1

0.535

2.423

2

0.522

2.370

3

0.536

2.353

4

0.522

2.346

5

0.524

2.332

Average

0.53

2.36

S.D.

0.01

0.04

RSD (%)

1.32

1.49
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6.1.3.3.2.2. Rate sweep
The rate ramp was originally designed for simple viscosimeters to evaluate the timedependence effects—thixotropy—with shear rate for structured fluids. The combined
ramping up and down of the shear rate is refered to as a thixotropic loop test.
Nevertheless, the current section is dedicated to apply the analysis models described
in Table 6.3 to the case study displayed in Figure 6.13. As in the previous section, before
performing every rate sweep test, a sample conditioning step was included at a controlled
shear rate of 100 1/s during 30 s, to erase the previous shear history. After a delay time
of 10 s, an equilibration step of 300 s was applied at a constant oscillation stress of 0.1 Pa
and a frequency of 1 Hz, with the aim of rebuilding the material.
Figure 6.13 shows the continuous rate sweep experiment, when applying a rate ramp
from 10–3 to 500 1/s for 300 s. Between consecutive tests the sample was not unloaded.
A logarithmic mode was used to register 100 points per decade.
Stress–rate curve (Figure 6.13a) was modelized in the range 0.9–500 1/s. The best-fit
flow was the Herschel-Bulkley model, with a yield point σy of 1.92 Pa, a consistency
coefficient k of 1.62·10–2 Pa·s, and a power-law index n of 0.95. As a comparison,
coefficients of determination R2 of the different analysis models also appear in the plot.
Viscosity–rate curve (Figure 6.13b) was fitted in the range (2·10–3–500 1/s). The
best-fit flow was the Carreau-Yasuda model, with a zero-rate viscosity η0 of 230 Pa·s, an
infinite-rate viscosity η∞ of 1.20·10–2 Pa·s, a consistency coefficient k of 130 s, a powerlaw index n of 1.39·10–2, and a transition index a of 1.70. As a comparison, coefficients
of determination R2 of the different analysis models also appear in the plot.
A variability study of the continuous rate sweep, without unloading the sample
between consecutive tests, appears in Table 6.5. Averaging every set of 5 values in each
column, the results shows the good precision of the test, only unacceptable for consistency
coefficient in the stress-rate model and the power-law and transition indices in the
viscosity-rate model. No time-dependent effects were observed in the timeframe of 1 h.
6.1.3.3.3. Steady-state ramp test
In contrast to the continuous ramp, a steady-step experiment provides equilibrium
data, and the results do not depend on the test time. This experiment is based on time or
a steady-sensing algorithm. Thus, the average equilibrium stress, rate and viscosity, are
recorded as a function of the other changed variable—strain rate or stress (TA
Instruments–Waters LLC, 2014).
A time-based equilibrium approach establishes averaging time zones, in which the
steady-state viscosity is determined. At low rates, the time to reach the steady state is
much longer than at high rates. For this reason, the time zones can be scaled with the
applied rate or stress, with the help of an automated steady-state sensing algorithm.
In a steady-state ramp test it is necessary to set the following parameters:



Desired temperature selection to be maintained throughout the test
Duration of the test
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Figure 6.13. Flow curves recorded by a continuous rate sweep of a 50% w/w suspension of the
P9 specimen. Both curves include the best fit model available in the software. (a) Shear stress–
shear rate relationship. (b) Viscosity–shear rate curve.
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Table 6.5. Repeatability study of the continuous rate sweep tested with a standard-gap vane
sensor, including the parameters of both stress–rate (evaluated in the range 1–500 1/s) and
viscosity–rate (evaluated in the range 2·10–3–500 1/s) fitting models.
Test

1

2

3

4

5 Average

S.D. RSD (%)

Stress–rate model (Herschel-Bulkley)
σy (Pa)
k (Pa·s)
n
R

2

1.92

2.47

2.47

2.41

2.30

2.31

0.23

9.98

–2

–3

–3

–2

–2

–2

–3

33.83

1.62·10

6.27·10

9.66·10

1.13·10

1.44·10

1.16·10

3.91·10

0.95

1.10

1.04

1.01

0.97

1.01

0.06

5.86

0.9960

0.9907

0.9983

0.9973

0.9973

—

—

—

Viscosity–rate model (Carreau-Yasuda)
η0 (Pa·s)

230.27

319.57

323.76

221.60

321.54

283.35

52.52

18.54

–2

–2

–2

–3

–2

–2

–3

13.20

η∞ (Pa·s) 1.20·10
k (s)
a
R

2






1.19·10

8.62·10

1.19·10

1.10·10

1.45·10

130.17

183.09

150.33

156.25

151.75

154.32

18.96

12.28

–2

–2

–2

–2

–2

–2

–2

91.00

1.39·10

n

1.06·10
3.73·10

1.30·10

7.76·10

1.27·10

3.09·10

2.81·10

1.70

2.23

1.74

3.02

1.62

2.06

0.59

28.44

0.9999

0.9991

0.9993

0.9998

0.9999

—

—

—

Ramping mode, in which the control variable is ramped logarithmically or
linearly with time.
Selection of the type of sweep test desired:
o Logarithmic sweep: Once assigned the range limits of the test, the
intermediate points are spaced logarithmically, either upwards or
downwards. Choose among torque, stress, angular velocity, and shear rate,
entering the desired range. Finally, enter the desired number of points
collected per decade, based on the initial value. The final value is always
collected, regardless of whether it is outside the normal pattern.
o Linear sweep: It uses the entered values as the starting and ending limits of
the test, with intermediate points calculated by adding or substracting the
increment until the final value is achieved. The desired range of torque,
stress, angular velocity, or shear rate is selected, choosing between
increment or number of points to be used when collecting test data.
o Discrete sweep: It takes a measurement at each frequency in a list of
frequency values, with up to 10 discrete frequencies being specified. The
test frequencies in the list can be run in any order (do not have to be
monotonic). Choose among torque, stress, angular velocity, and shear rate,
entering the desired range in every row of the list.
Data collection parameters:
o Number of points: This parameter determines the total number of equallyspaced values collected within the specific range, including both initial and
final values. This option is only available when logarithmic mode is
selected.
o Sampling interval: This parameter defines the time interval between
consecutive data points. This option is only available during linear
sampling.
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Selection of the equilibration time and averaging time
It is feasible to determine the equilibration time automatically, starting the
measurement when a steady-state condition is obtained or the equilibrium time
is reached.
o When steady-state sensing is selected, the equilibrium time is the maximum
delay desired before the measurement starts. The averaging time is the time
over which the measured variable is averaged.
o Percent tolerance defines the maximum deviation of consecutive
measurements. Default value is 5%.
o By default, 3 consecutive points are considered when the average value is
within the tolerance limit for the selected number of consecutive
measurements.
o The maximum point time is the temporal limit for recording a data point.
When this time is reached, the last measurement is taken, independently of
whether the steady state has been reached or not.
Scaled time average is an option to adjust the equilibrium and averaging time
with the applied rate or stress. The scale factor 0 stands for no scaling and 1
scales the time inversely proportional to the rate or stress. Intermediate values
allow to adjust the scaling as desired.

6.1.3.3.3.1. Stress sweep
The steady-state stress sweep method is found to be a good approach for yield-stress
analysis of medium viscosity materials (Chen, 2006). In this experiment, a stress is
incrementally stepped logarithmically from a minimum value up to a point where the
material starts to flow. Each stress is held on the suspension for a given time period. A
software algorithm assesses the process and a data point is retained when the shear rate
reaches an equilibrium value. Below the yield point, the change in shear rate with stress
is extremely small. The viscosity remains constant with increasing stress and is called the
zero shear viscosity. When the material starts to flow in the yield point, the viscosity
decreases several orders of magnitude over a narrow range of shear stress.
The yield stress value can be computed by taking the onset value from the viscosity
curve. The accuracy of the measured yield point will depend on the number of values
selected per decade. Collecting more data points per decade deliver a more accurate yield
stress, provided that the material remains stable during the test.
In low-viscosity dispersions, a small incremental amount of stress might dramatically
alter the measured result, giving strongly inaccurate yield points. In contrast, while testing
high-viscosity semisolid materials, wall-slippage might occur between the sensor and the
sample, even when serrated or crosshatched surfaces are used.
In this study, before performing every stress sweep test at 25 ºC, a sample
conditioning step was included at a controlled shear rate of 100 1/s during 30 s, to erase
the previous shear history. After a delay time of 10 s, an equilibration step of 300 s was
applied at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of
rebuilding the material.
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As an example, Figure 6.14 exemplifies the steady-state stress-sweep test, when
applying a stress ramp from 10–2 to 10 Pa. The steady-state conditions were: 5% tolerance,
3 consecutive points within tolerance, and maximum point time of 1 min, leading to a
final duration of 40–60 min per test. Between consecutive tests the sample was not
unloaded. A logarithmic mode was used to register 10 points per decade.
The repeatability study shows a high precision, with a central value of 2.44 Pa, a
standard deviation of 0.01 Pa, and a relative standard deviation of 0.34%. Although the
sequence lasted over 4 h, no thixotropic effect was observed, because the values retained
were equilibrium data.

Figure 6.14. Flow curves recorded by a steady-state stress sweep of a 50% w/w suspension of the
P9 specimen. The onset values correspond to the yield points in a repeatability study over 5
consecutive flow curves. The method shows a good precision.

6.1.3.3.3.2. Rate sweep
A steady-state flow shear-rate sweep test can be used to analyze very low yield-stress
values (< 0.5 Pa) of low-viscosity dispersions (Chen, 2006). The shear rate is controlled
during the test, and is stepped down logarithmically from high (≈102 1/s) to low
(≈10-5 1/s) values. When the yield point has been achieved, the stress on the sample
reaches a plateau independent of rate. Alongside, the apparent viscosity goes to infinity
with decreasing shear rate.
Viscosity is defined as:
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/

(6.10)

In the yield point σ = σy, and the apparent viscosity ηa can be expressed as:
/

(6.11)

In a double logarithmic plot the equation states that:
log

(6.12)

what draws a slope of –1 while apparent viscosity decreases with the rate.
The advantage of this test comes from sweeping the shear rate from high to low
values, thereby all sample history is deleted. The measurement results also show good
reproducibility.
As in the previous section, before performing every rate sweep test, a sample
conditioning step was included at a controlled shear rate of 100 1/s during 30 s, to erase
the previous shear history. After a delay time of 10 s, an equilibration step of 300 s was
applied at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of
rebuilding the material.
Figure 6.15 shows the steady-state rate sweep experiment, when applying a rate ramp
from 500 to 10–3 1/s. The steady-state conditions were: 5% tolerance, 3 consecutive points
within tolerance, and maximum point time of 1 min, leading to a final duration of 24 min
per test. Between consecutive tests the sample was not unloaded. A logarithmic mode
was used to register 10 points per decade.
Apparent viscosity curves show a Newtonian plateau around 103 1/s. At lower rates
the suspension exhibits a shear-thinning behaviour up to 1 1/s, where another Newtonian
plateau appears. Finally, at rates lower than 10–2 1/s, the stress curves display the yield
point.
As can be observed in the continuous-ramp case, yield-stress values are lower—and
apparently more inadequate—in the rate sweep tests than in the stress sweep tests.
Nevertheless, Table 6.6 shows a good precision of the results, with a central value of 1.30
Pa, a standard deviation of 0.04 Pa, and a relative standard deviation of 2.87%. No timedependent effects were observed in the timeframe of 3 h.
6.1.3.4. Transient tests
A transient test measures the instantaneous response of the suspension as a function
of time. One can consider two main types of transient steps:
—A creep step, in which a stress is applied and the strain recorded. After removing
the stress, the recoverable stress is often monitored.
—A stress-relaxation experiment, in which a small strain is suddenly applied within
a very short period of time (which must be shorter than the relaxation time of the system).
Additionally, the start-up test described in Section 6.1.3.3.1—peak-hold test—can be
considered a transient test, because an overshoot stress after inception of flow is displayed
as a function of time.
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Table 6.6. Repeatability study of the steady-stress rate sweep over the final 7 points retained in
every test.
Test

Slope of the viscosity–rate curve

Mean of the stress-rate plateau (σy, Pa)

1

–1.009

1.25

2

–0.991

1.30

3

–0.960

1.28

4

–0.972

1.34

5

–0.966
–0.980

1.33
1.30

S.D.

0.02

0.04

RSD (%)

2.04

2.87

Average

Figure 6.15. Repeatability study over 5 consecutive flow curves recorded by a steady-step rate
sweep over a 50% w/w suspension of the P9 specimen, which was not unloaded between
consecutive tests. The set of curves with a slope of –1 refers to the apparent viscosity (left ordinate
axis) and the other set of curves corresponds to shear stress (right ordinate axis).

6.1.3.4.1. Shear creep experiments
In these family of experiments, a constant stress is applied to the sample, monitoring
the resulting strain. A creep-recovery rheological measurement provides a viscoelastic
characterization of the suspensions.
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As discussed by Barnes (2000), when the stresses and strains in deformations are
relatively large, then many time effects are thixotropic in nature. The difference between
both situations—viscoelasticity and thixotropy—is that in the linear viscoelastic region
the microstructure responds over a certain time scale without changing, while in
thixotropy the microstructure does change—by breaking down or building up—and such
changes take time.
Viscoelasticity exists in all liquids, since even Newtonian fluids show elastic
properties at a short-enough time or a high-enough frequency. Figure 6.16 displays some
mechanical analogues of viscoelastic liquids, which consist of combinations of linear
elastic and viscous elements, represented by springs and dashpots, respectively.
A spring is a linear elastic element that obeys Hooke’s law—i.e. the strain is
proportional to the applied stress. In a simple shear deformation, the constant of
proportionality is the elastic modulus G, so that
G γ

(6.13)

Since time does not appear in the equation, an applied stress σ results in an immediate
strain γ. Similarly, when stress is removed, strain falls instantaneously to zero. Vice versa
when a strain is applied.

Figure 6.16. Mechanical models of viscoelastic liquids (Barnes, 2000).

Likewise, linear viscous response can be modelled using a dashpot. The response of
this element is described by the expression
η
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(6.14)

Now the rate of deformation is the only variable that matters. Again, an applied stress
σ results in an immediate dashpot response at a constant deformation rate , until the
stress is switched off and the deformation stops abruptly, with no time effects. Vice versa
when a shear rate is applied.
A spring and a dashpot combined in series is the simplest representation of a
viscoelastic liquid. This mechanical analogue is called a Maxwell model. A spring and a
dashpot connected in parallel is the simplest representation of a viscoelastic solid. This
mechanical analogue is called a Kelvin-Voigt model.
A Maxwell model and a Kelvin-Voigt model combined in series gives a Burgers
model, which is capable to take into account all the basic features of real viscoelastic
materials. In this models, elastic elements represent any microstructural situation or
mechanism in which energy can be stored, as potential and/or entropic energy. A dashpot
represents the movement of any microstructural entity through the dispersant, what will
dissipate energy.

6.1.3.4.1.1. Creep-recovery test
In a creep test, a very low shearing stress (force acting over an area, σ) is applied to
the sample for some time, and the resulting strain (displacement, γ) is monitored; then,
the stress is removed and the resulting strain is measured over certain time. Both time
lapses do not necessarily have to be equal. In the creep step, it is usual to plot the creep
compliance—defined as the strain divided by the stress [J(t), Pa–1]—against time. The
time-dependent variable plotted in the recovery step is the recoverable compliance. The
stiffer the material, the lower the creep compliance (TA Instruments, 2004).
Both variables are defined as
γ t /
γ

(6.15)
γ t /

(6.16)

Where σ0 is the constant imposed stress, γ t and γ t the time-dependent creep and
recoverable strain values, respectively, and γ the initial deformation in the recovery step.
In addition, the equilibrium recoverable compliance, J —a very sensitive
measurement of the elasticity (Hermida-Merino et al., 2016)—is defined as
J

γ

γ /

(6.17)

Where γ is the final deformation in the recovery step (equilibrium zone).
Figure 6.17 shows the types of creep behaviour exhibited by the different materials.
In every graph, a constant stress is applied at time zero and removed when the recovery
plot starts. When the sample shows continuous flow (Figures 6.17b and 6.17d), recovery
after removal of the stress will be incomplete. Figure 6.17d represents the commonest
situation in mineral suspensions (viscoelastic liquids) when the applied stress is under
yield point. Thus, when the time-dependent variable is the strain, the creep-recovery curve
exhibits an increasing-decreasing pattern; when compliance is plotted, the steps are
increasing-increasing.
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Burgers model explains the elastic properties of the material from the retarded
deformation and the recovery parts of the curve, while the continuous flow part provides
the viscosity at the applied stress. This is identical to the low shear viscosity obtained
from a flow curve.
The Burgers model describes—in a suitable and simple way—the behaviour
ordinarily seen for typical viscoelastic liquids. Figure 6.18 relates the different
components of the curve with the mathematical and mechanical analogues. The initial
response is elastic and certain liquids can produce an artefact called creep ringing, in
which the inertia of the geometry couples with the elasticity of the viscoelastic sample.
Subsequently, there is a delayed elastic response where the deformation rate becomes
slower and slower, finishing in a steady-state viscous response at the longest times—the
material reaches a steady flow. A zero slope in the plot of viscosity versus time can
confirm whether the steady state has been achieved at that particular time (see Figure
6.19).

Figure 6.17. Creep-recovery curves for (a) an ideal solid, (b) an ideal liquid, (c) a viscoelastic
material showing retarded deformation, and (d) a viscoelastic material showing continuous flow
(TA Instruments, 2004). Both axes are on a linear scale.
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6.1.3.4.1.2. Discrete retardation time spectrum
The experimental data from creep tests can be described with precision by a discrete
retardation spectrum {Jk|λk}, which is a set of 2n positive constants Jk and λk, included in
the next expression, similar to the 4-parameter Burgers model:
J t

J

∑

J

1

exp

(6.18)

where each retardation time λk is associated with a spectral compliance magnitude Jk,
being J0 the instantaneous compliance and 0 the zero-shear viscosity (Ahmed, 2015).
The summation symbol represents a generalized Kelvin-Voigt element which, added to
the Maxwell element, generates an extended Burgers model.
Similarly, the compliance during recovery, JR(t), can be expressed as:
J t

∑

J

1

exp

exp

(6.19)

where tCR is the time of creep and t > tCR.

Figure 6.18. The Burgers model in detail (modified from Barnes, 2000).
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Figure 6.19. Creep step of a 50% w/w suspension of the P9 specimen at a stress of 0.3 Pa. The
horizontal stability of the viscosity curve (below) ilustrates that 120 s is fully adequate for the
material reaches a steady flow (strain curve, above).

86

Analytical methods

As an example, Figure 6.20 shows the evolution of the different plots when
increasing constant stress are applied to the same pre-sheared (30 s at 100 1/s) and
equilibrated sample (300 s at a constant oscillation stress of 0.1 Pa and a frequency of 1
Hz). Strain curves show no recovery over 2 Pa, where yield-stress point has been already
surpassed. Creep compliance increases as applied stress rises, making the suspension
more fluid. Recovery compliance—see Equation 6.16—becomes negative beyond yield
stress, which causes this curve to get out from the logarithmic axis. Plots a–d in Figure
6.20 resemble Figure 6.17d—a viscoelastic material showing continuous flow—, and
plots e–f in Figure 6.20 represent an ideal liquid behaviour (see Figure 6.17b).

Figure 6.20. Creep-recovery tests of a 50% w/w suspension of the P9 specimen at a stress of (a)
0.3 Pa, (b) 0.5 Pa, (c) 0.8 Pa, (d) 1 Pa, (e) 2 Pa, and (f) 3 Pa. Strain axes are on a linear scale (red
curves) and creep-recovery axes are on a logarithmic scale (creep curves in blue and recovery
curves in green). Time axes start at 330 s, after the conditioning (30 s) and the equillibration steps
(300 s) were completed.
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A 2-elements approach (k=2 in the Kelvin-Voigt summands of the expressions 6.18
and 6.19) was used to describe the solid-like behaviour of the material. The assessment
of creep-recovery tests involved the following steps:
—Both compliance and time axes should be on a logarithmic scale, to properly
appreciate the creep ringing artifact at the beginning of each experiment, and thus to
exclude it from the fitted step-time range. Strain curves do not take part in the analysis.
—A selection of the time-range limits, avoiding ringing oscillations on the left and
inflection points on the right, what would diminish dramatically the R2 values. Before the
yield point, fitted ranges draw a convex curve (concave upward). After the yield point,
curves are concave (concave downward). Both left and right limits should be adjusted to
get as higher R2 values as curvature allows.
Figure 6.21 exhibits the time-range limits of every curve at that particular applied
stress. Although Je is reported to be the equilibrium compliance (Franck, 2005), the
analysis software (TA Instruments Trios Version 4.0.1) computes this value as the sum
of the Jk constants.
Table 6.7 summarizes the results of the 2-elements fitting. R2 values show an
excellent fit in the creep curves, although over a decreasing time range when applied
stress approaches to the yield point. After the yield stress, time ranges shorten on the left.
Regarding the recovery curves (only present below the yield point), R2 values increase
from 0.74 to 0.89, over a similar time range. Other pertinent remarks can be made:
—Both initial and final deformations in the recovery steps increase with applied
stress
—Equilibrium recoverable compliance rises with applied stress
—Instantaneous compliance grows with applied stress in the creep steps. This value
is increasingly negative over the yield point.
—Residual or zero-shear viscosity decreases with applied stress. After the yield
stress, it diminished 3 orders of magnitude.
—After the yield point, spectral compliance decreases and spectral retardation time
rises, both abruptly.
Although theoretical curves are in a good agreement with experimental results in a
reasonable broad time range, the calculation of the relaxation time spectra from
experimental data is said to be an ill-posed problem, provided that small differences in
the data can result in large differences in the spectra (TA Instruments–Waters LLC, 2014).

6.1.3.4.1.3. Repeatability study and time effects
A variability study of a creep-recovery test at 1 Pa, without unloading the sample
between 12 consecutive runs, appears in Figure 6.22. At the beginning of the sequence, a
sample conditioning step was included at a controlled shear rate of 100 1/s during 30 s,
to erase the previous shear history. After a delay time of 10 s, an equilibration step of 300
s was applied at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the
aim of rebuilding the material.
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Averaging every set of values in each column, Table 6.8 shows the strong variability
of the parameters, with a RSD range of 20–66%. High time-dependent effects were
observed in the timeframe of 40 min. The equilibration step was performed at the
beginning and not between every creep-recovery cycle, because the latter option increases
the tyxotropic effect, initial and final deformation values, and test duration.

Figure 6.21. Creep compliance (blue) and recoverable compliance (green ) curves of a 50% w/w
suspension of the P9 specimen at a stress of (a) 0.3 Pa, (b) 0.5 Pa, (c) 0.8 Pa, (d) 1 Pa, (e) 2 Pa,
and (f) 3 Pa. Both creep-recovery and time axes are on a logarithmic scale to make it clear the
creep-ringing artefact. Step-time ranges are adjusted to avoid this phenomenon, pursuing the best
correlation over the widest range.
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Recovery

3.0 Creep

Recovery

2.0 Creep

Recovery

1.0 Creep

Recovery

0.8 Creep

Recovery

0.5 Creep

Recovery

0.3 Creep

Applied stress (Pa) Step

21.39 1.00·10–6 1.00·10–6
— 1.40·10–2 3.34·10–2

— 5.48·10–2
7.13 2.41·10–2

–68.48 5.73·10–2 1.00·10–6 1.00·10–6

—

0.487–118.45 49.61 42.48

—

10.25–118.45

—

10.58–118.45

0.487–0.610

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

34.84

–150.18 1.99·10–2 1.00·10–6 1.00·10–6
—

—

0.55

2.85

0.22

3.07

1.36

—

—

— 1.32·10–2 3.49·10–2

6.89 2.16·10–2

0.463–118.45 25.60 20.09

—

—

131.54 8.20·10–3 3.96·10–2

— 3.24 ·10–2

—

0.299–4.32

6.28

—

35.39

— 1.24·10–2 3.71·10–2

6.86 2.20 ·10–2

9.71

0.512–118.45

—

2.88

996.31 1.31·10–2 5.70·10–2

—

3.80

— 2.65·10–2

—

0.365–59.20

1.57

1.82

— 9.86·10–3 3.69·10–2

3.38

0.737–118.45

—
6.03 1.95·10–2

—

0.479–118.45

2198.74 8.23·10–3 3.29·10–2

λ1 (s)

— 1.82·10–2

Step-time range (ts, s) γu (%) γe (%) Je0 (1/Pa) J0 (1/Pa) 0 (Pa·s) J1 (1/Pa) J2 (1/Pa)

—

34.84

—

35.39

43.66

0.55

45.47

1.50

53.19

13.31

69.90

22.23

λ2 (s)

—

0.994

—

0.999

0.890

0.986

0.886

1.000

0.835

1.000

0.738

1.000

R2

Table 6.7. 2-Elements creep-recovery parameters for the fitting of mechanical model to experimental data sets. From left to right, applied stress in the creep
step, type of step, step-time range fitted (ts), initial deformation in the recovery step (γu), final deformation in the recovery step (γe), equilibrium recoverable
compliance (Je0), instantaneous compliance (J0), zero-shear viscosity (0), spectral compliance (Jk), spectral retardation time (λk), and Pearson correlation
coefficient (R2). The P9 50 wt.% suspension was tested with a standard-gap vane rotor.

Initial deformation in the recovery step (γu), final deformation in the recovery step
(γe), equilibrium recoverable compliance (Je0), and instantaneous compliance in the creep
step (J0) diminish gradually, what implies that the material is becoming stiffer. This is the
reason why zero-shear viscosity in the creep step (0) increases monotonically on every
run.
6.1.3.4.1.4. Series of creep recovery
It is possible to design a step repeated creep-recovery test to determine the yield stress
of materials. A series of creep and recovery (application of a constant stress followed by
a period of zero stress) can be performed in incrementally higher and higher stress levels.
The accumulated permanent deformation during each cycle and the rate of the
accumulation as a function of cycles provide useful information for evaluating the
resistance of the suspension to flow.

Figure 6.22. Repeatability study over 12 consecutive creep-recovery tests of a 50% w/w
suspension of the P9 specimen at a stress of 1 Pa, which was not unloaded between consecutive
tests. The set of curves highlights the strong time effects involved in these transient tests. A
previous conditioning (30 s) and equillibration steps (300 s) were completed before the sequence.

Test setup includes the selection of the temperature and the different test parameters
(TA Instruments–Waters LLC, 2014):
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Table 6.8. Repeatability study of the creep-recovery test at 1 Pa, including some parameters of
the 2-element fitting model. From left to right: initial deformation in the recovery step (γu), final
deformation in the recovery step (γe), equilibrium recoverable compliance (Je0), instantaneous
compliance in the creep step (J0), and zero-shear viscosity in the creep step (0). The P9 50 wt.%
suspension was tested with a standard-gap vane rotor.
Run

γu (%)

1

7.47

2

5.59

γe (%)
3.45
2.04

Je0 (1/Pa)

J0 (1/Pa)

0 (Pa·s)

4.02

1.88·10

–2

4684.07

1.41·10

–2

5795.97

–2

7290.68

3.55

3

4.79

1.51

3.28

1.34·10

4

4.53

1.48

3.05

1.24·10–2

8042.90

2.90

1.12·10

–2

8655.47

1.05·10

–2

10001.50

–3

9873.34

5

3.95

6

3.59

1.05
0.88

2.71

7

3.45

0.85

2.60

9.99·10

8

3.21

0.73

2.48

9.31·10–3

10867.60

2.38

8.68·10

–3

11392.80

6.75·10

–3

10884.50

–2

12572.30

9

3.05

10

3.01

0.67
0.76

2.25

11

3.11

0.90

2.21

1.30·10

12

2.66

0.53

2.13

7.58·10–3

12974.10

2.80

–2

9419.60

–3

2590.58

29.25

27.50

Average
S.D.
RSD (%)

4.03

1.24

1.38

0.82

0.59

34.27

66.31

20.96

1.13·10
3.31·10

—The desired value of the initial torque or stress to be applied to the sample
—A factor by which to multiply the intial stress or torque during the subsequent creep
steps
—An N parameter used to define the sequence of stress or torque changes as a
function of number of creep tests. N is the number of creep steps at constant stress or
force before the stress or force is increased by the multiplication factor.
—The creep time of each creep step
—The recovery time to allow the equilibration at zero stress or force between
repeated creep steps
—The total number of repeated creep tests in the sequence, independent of stress or
torque changes set by the Value multiplication condition.
—Step termination is used to define conditions in which a step is halted ahead of its
normal termination conditions, to ensure that the instrument does not over speed or apply
excessive strains.
—Instead of running a step for a certain amount of time, an equilibrium limit (such
as the viscosity value becoming constant when running a single shear with time) can be
established to set an equilibrium limit, which will stop the currently active test.
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A series of creep tests appears in Figure 6.23. At the beginning of the sequence, a
sample conditioning step was included at a controlled shear rate of 100 1/s during 30 s,
to erase the previous shear history. After a delay time of 10 s, an equilibration step of 300
s was applied at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the
aim of rebuilding the material. Finally, every creep semicycle covered the 0.3–3.1 Pa
range, in increasing creep steps of 0.2 Pa. Below the yield point, the material exhibits the
characteristic incomplete recovery. When the suspension shows no recovery step, it has
reched its yield stress.

Figure 6.23. Series of creep tests to determine the yield point with a standard-gap vane rotor. The
material is a 50% w/w suspension of the P9 specimen at a stress range of 0.3–3.1 Pa. The yield
stress appears between 2.7 (the last cycle with a recovery step) and 2.9 Pa (the first cycle with no
recovery step). A previous conditioning (30 s) and equillibration steps (300 s) were completed at
the beginning of the sequence. Strain axis is on a logarithmic scale to make it clear the full-scale
behaviour.

Provided that this procedure in particular takes a long time (more than an hour), there
is a risk that some water evaporates from the suspension, which could cause the yield
values move rightwards. To avoid this phenomenon, it is possible to design a shorter
procedure with variable shear-stress steps, being lower when getting closer to the yield
point. In this way, a better precision of the analysis can be achieved.
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6.1.3.4.2. Stress relaxation experiments
A stress relaxation experiment applies an instantaneous deformation and monitors
the stress decay as the specimen is held over time in the same constrained state (TA
Instruments, 2015).
As can be seen in Figure 6.24, the stress will follow the strain, increasing to a
maximum value σ(0). In case the material is perfectly elastic, σ(0) will remain constant
over time, but for a viscoelastic liquid the stress required to keep a constant strain will
decrease exponentially, reaching 0 at infinite time, due to viscous flow (see Figure 6.25a).
For a viscoelastic solid, the stress achieves a plateau value at infinite time (Figure 6.25b).
The variation of stress with time is similar to a kinetic process represented by firstorder equations (Tadros, 2010).
The stress σ(t) is related to the initial maximum stress σ(0) by:
σ t

σ 0 exp

(6.20)

where τ is the relaxation time given by the ratio of the viscosity  to the modulus G:

/

(6.21)

Dividing shear stress by the applied strain in Equation 6.20, the shear stress relaxation
modulus for a viscoelastic liquid—as shown in Figure 6.25a—can be obtained:
G t

G 0 exp

(6.22)

For a viscoelastic solid (Figure 6.25b), the modulus reaches a limiting value Ge called
the equilibrium modulus. In this case, the previous equation becomes:
G t

G 0 exp

(6.23)

Stress relaxation experiments can be used to obtain the relaxation time for a
viscoelastic liquid [t = τ when G(t) = G(0) / e] or a viscoelastic solid [t = τ when G(t) =
G(0) / e + Ge]. In this way, a Deborah number De can be estimated by dividing τ/te, where
te is the time taken to run the experiment.
6.1.3.4.2.1. Setting up a step strain test
During a step strain or relaxation test, the dispersion is subjected to a step shear strain
at the time t = 0. The stress response of the material, σ(t) appears as a decreasing function
with time. The relaxation modulus is defined as G(t) = σ(t) / γ0. When t → 0, G(t) = G0
and the resulting value is called the glass modulus. Similarly, when t → ∞, G(t) = Ge, the
equilibrium modulus.
In the rheometer, the strain is ramped up to the desired value over a very short—
although measurable—period of time. The time required depends on the magnitude of the
step, the instrumental specifications, the stiffness of the material, and the sensor used.
The chosen strain is usually in the linear viscoelastic region, measured in an oscillatory
strain sweep.
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Figure
6.24.
Schematic
representation of a stress
relaxation experiment (Tadros,
2010). (a) Sudden application of a
small strain during a very short
period of time, less than the
relaxation time of the system ().
(b) A shear-rate peak appears
while the system is achieving the
commanded strain. (c) Stress
relaxation profile after a rapid
application of strain.

Vane geometry is not an
adequate tool to perform stress
relaxation
experiments,
because the material flows in
all directions when a fixed
strain is applied, and the motor
move rapidly to get the target
deformation. The result is an
initial point cloud and a higher
response time. Instead, a
parallel plate geometry can be
used to achieve shorter
response times—0.3 s versus 3
s for a vane geometry—, a true
deformation
over
the
suspension, and a decreasing
modulus (see the double
logarithmic plot in Figure
6.26).
It is also helpful to look at
the results in a linear
representation, in order to
appreciate how the modulus
drops exponentially after the
target strain has been reached.
This experiment is not the most appropriate to be tested on highly viscous materials,
because the torque relaxes too fast, causing the instrument to operate most of the time at
the low limit of the range (TA Instruments–Waters LLC, 2014).
When setting up a step stress relaxation test, the following parameters have to be
chosen:



Selected temperature throughout the test. An amount of time can be fixed to
let the sample equilibrate at the desired temperature.
Duration of the test
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Figure 6.25. (a) Variation of modulus with time for a viscoelastic liquid. (b) Variation of G(t) for
a viscoelastic solid. Taken from Tadros (2010).

Figure 6.26. Comparison of the stress relaxation behaviour with 60 mm parallel plate and
standard-size vane geometries. Both curves were performed at 0.1% strain on a 50% w/w
suspension of the P9 specimen.
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Displacement, strain, or strain % value. The strain defines the deformation
applied to the sample. This value is used, along with the sample geometry and
dimensions, to calculate the peak angular deflection to apply to the sample
during the measurement. The strain can be selected to simulate real-life enduse conditions, or it can be a value selected to be within the linear viscoelastic
range of the sample.

Analytical methods





Steady state condition. This is an optional feature based on the number of data
points required for calculation of the steady state. The parameters to be
chosen are:
o % Tolerance: default value is five percent of the total number of data
points in the test.
o Over time period: This is the time period in which the tolerance is
verified.
o Consecutive within tolerance: Number of repeated verification steps
required before accepting steady state flow.
Strain rise time: The motor cannot perform an instantaneous deformation
step. Enter a rise time (default is 0.01 s) to optimize the start up and minimize
the strain overshoot. For low-viscosity materials, a longer rise time provides
better start-up behaviour.

6.1.3.4.2.2. Discrete relaxation time spectrum
The discrete relaxation spectrum {Gi|τi} is used to describe the experimental data in
the selected time range, according to the next expression:
G t

G

∑

G exp

(6.24)

where each relaxation time τi is associated with a spectral modulus magnitude Gi, being
Ge the equilibrium modulus. The viscoelastic response of the material is sufficiently
described when the correlation coefficient is closer to 1, which for most applications is
achieved with 1–6 terms.
The calculation of the relaxation time spectrum from experimental data is reported
to be an ill-posed problem, because small differences in the data can result in large
differences in the spectra. Selecting too many modes does not improve the accuracy of
the solution, but creates physically meaningless modes. The automatic mode selection
optimizes the solution and determines the optimum number of modes (TA Instruments–
Waters LLC, 2014).
The experimental study was performed at 25 ºC with a standard steel parallel-plate
geometry (diameter = 60 mm, gap = 1000 µm, equipped with solvent trap). No sample
conditioning was accomplished before each relaxation experiment, in order to avoid
sample losses due to centrifugal force. After a delay time of 10 s, an equilibration step of
300 s was applied at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with
the aim of rebuilding the material. Every stress relaxation test was performed over fresh
suspensions at the applied deformations detailed in Table 6.9. Maximun step time was set
at 5 min, activating the steady-state condition of termination with 5% tolerance, 30 s of
sampling period, and 3 verification points.
Table 6.9 reveals that the instrument was unable to apply a 0.01% deformation over
the suspension. This material behaves as a viscoelastic solid (Ge > 0), decreasing the
equilibrium modulus as the applied deformation increases.

Analytical methods

97

Table 6.9. Stress relaxation experiments over 3 mL of a 70% w/w suspension of the P9 specimen
at different applied deformations, including some parameters of the 2-element fitting model. A
parallel-plate geometry was used to perform the tests. From left to right: applied deformation γ0,
step-time range fitted ts, response time to achieve the commanded strain at a minimum 5%
tolerance, spectral modulus Gi, spectral relaxation time τi, equilibrium modulus Ge, and coefficient
of determination R2.
Applied
Step-time
Response
G1 (Pa) τ1 (s) G2 (Pa)
deformation (γ0, %) range (ts, s) time (s)
0.01
—
> 300
—
—
—

τ2 (s) Ge (Pa)
—

—

R2
—

0.1

0.15–296

0.15

17703

2.90

16893 74.70

9835 0.982

1

0.06–296

0.06

5258

0.25

4479 23.21

5258 0.973

6.1.3.5. Oscillatory shear measurements
In an oscillatory or dynamic technique, the material responds to an oscillating stress
or strain. When a sample is constrained in any rotating geometry, an oscillating strain at
a given frequency ω (rad/s, where ω = 2πν and ν is the frequency in Hz) can be applied
to the sample. After an initial period, a stress appears in response of the applied strain,
oscillating at the same frequency. The sinusoid changes of the stress and strain functions
with time can be analyzed to differentiate among elastic, viscous, and viscoelastic
responses:
—Elastic response. Maxima of the stress and strain amplitudes coincide in the same
angle position (phase angle shift, δ = 0), without energy dissipation nor time shift between
both sinusoid waves.
—Viscous response. The maximum of the stress coincides with the maximum shear
rate (maximum energy dissipation). In this case, the strain and stress sinusoids are shifted
by δ = 90º.
—Viscoelastic response. Phase angle shift is between both situations, 0º < δ < 90º.
Viscoelastic case is exemplified in Figure 6.27, where Δt is the time shift between
strain and stress sinusoids, and δ (rad) = ω·Δt.
The ratio of both peak amplitudes is the complex modulus, |G*| = σ0 / γ0. This variable
can be resolved into two components. G' is the storage—elastic—modulus (real
component of the complex modulus) and Gʺ is the loss—viscous—modulus (imaginary
component of the complex modulus).
G∗

G′

i G″

(6.25)

By using vector analysis, phase angle shift δ can be expressed in terms of both
components in this way:
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G′

|G∗ | cosδ

(6.26)

G″

|G∗ | sinδ

(6.27)
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Figure 6.27. Strain and stress sinusoids for a viscoelastic system (Tadros, 2010).

δ

arctan

(6.28)

Other analogue viscosity parameters are the complex viscosity *, the real dynamic
viscosity ′, and the imaginary dynamic viscosity ″:
η∗

η

η

G /ω

(6.30)

η

G /ω

(6.31)

i η″

(6.29)

Table 6.10 summarizes the different moduli and viscosity expressions, with the limit
values for the ideal solid and liquid materials.
Table 6.10. Operating equations used in oscillatory shear measurements, including the
viscoelastic limiting cases.
Parameter

Expression

Storage modulus

′

G

0

Loss modulus

″

0

ω·

G′

G″

Complex modulus |
Real dynamic
viscosity
Imaginary
dynamic viscosity

∗|

′

Hookean solid (δ = 0º) Newtonian liquid (δ = 90º)

″

η

G /ω

0



″

G′/ω

G/ω

0

″

′

Complex modulus | ∗ |

′

″
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6.1.3.5.1. Setting up an oscillation amplitude sweep
In this procedure, the strain (displacement) or stress (torque) amplitude is controlled,
while software records strain amplitude, stress amplitude, and phase shift. The main goal
of an amplitude sweep is to determine the onset of non-linear behaviour (TA Instruments–
Waters LLC, 2014). Dynamic oscillation sweep tests are alternative methods to analyse
the yield behaviour of high viscosity materials.
When setting up an oscillation amplitude test, the following parameters have to be
chosen:






Selected temperature throughout the test. An amount of time can be fixed to
let the sample equilibrate at the desired temperature.
Choose between frequency (Hz) and angular frequency (rad/s)
Select the desired control variable, torque/stress or displacement/strain, with
a starting value typically within the linear viscoelastic region (LVR) of the
sample:
o Torque: defined as its specified amplitude to be applied by the motor
at each measurement.
o Stress: determined from the torque applied to the sample and the
specifications of the sampling tool.
o Displacement: defined as its specified amplitude to be applied by the
motor at each measurement.
o Strain: determined from the peak angular deflection applied to the
sample and the specifications of the sampling tool.
Selection of the type of sweep test desired:
o Logarithmic sweep: Once assigned the range limits of the test, the
intermediate points are spaced logarithmically, either upwards or
downwards. Choose the desired control variable and range. Finally,
enter the desired number of points collected per decade, based on the
initial value. The final value is always collected, regardless of whether
it is outside the normal pattern.
o Linear sweep: It uses the entered values as the starting and ending
limits of the test, with intermediate points calculated by adding or
substracting the increment until the final value is achieved.
o Discrete sweep: It takes a measurement at each frequency in a list of
frequency values, with up to 10 discrete frequencies being specified.
The test frequencies in the list can be run in any order (do not have to
be monotonic). Choose among the control variables, entering the
desired range in every row of the list.

6.1.3.5.1.1. Strain sweep
In this oscillatory technique, the frequency ω is kept constant—usually at 1 Hz—and
G , G′, and G″ are measured as a function of strain amplitude. While strain amplitude γ0
is increased, moduli remain constant during the linear viscoelastic region (LVR) up to a
critical strain γc above which the system shows a nonlinear response. In the critical strain
region, the structure starts to break down. The point in which G″ = G′ is referred as the
*
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melting strain point γm, because the system becomes more viscous than elastic (Tadros,
2010).
The onset point of non-linear response in a strain sweep of structured fluids is often
used to determine the yield behaviour. The critical strain is a measure of the yield point,
whereas the corresponding stress is the yield stress. Strain sweeps on structured fluids
provide meaningful data only when the sample is in equilibrium prior to testing.
In this study, before performing every strain sweep test, a sample conditioning step
was included at a controlled shear rate of 100 1/s during 30 s, to erase the previous shear
history. After a delay time of 10 s, an equilibration step of 300 s was applied at a constant
oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of rebuilding the
material. Tests were performed in a standard–size vaned rotor.
Before the oscillation strain sweep step, a soak time of 60 s was used to let the sample
equilibrate at 25 ºC. As an example, Figure 6.28 displays the result when applying a strain
ramp from 10–3 to 100 % at a frequency of 1 Hz. A logarithmic mode was used to register
30 points per decade. According to Table 6.10, the yield stress σy can be calculated from
the critical values of the onset point (G′c, γc, and δc):

Figure 6.28. Oscillation strain sweep of a 50% w/w suspension of the P9 specimen. The onset in
any of the curves and the crossover modulus point correspond to different interpretations of the
yield point.
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.

σ

.
.

⁰

0.856

(6.32)

Finally, Table 6.11 shows a repeatability study of the oscillation strain sweep test,
without unloading the sample between consecutive tests. Averaging every set of 5 values
in each interpretation procedure, the melting strain point γm method provides a higher
precision, with a central value of (8.04%, 5.54 Pa of moduli) and a standard deviation of
(0.17%, 0.19 Pa of moduli). The experiment reveals an excellent reproducibility (RSD <
5%), with no time-dependent effects for 2 h.
Table 6.11. Repeatability study of the oscillation strain sweep, performed with a standard-gap
vane rotor. The yield points were determined by onset and crossover methods. Yield stress came
from Equation 6.29.
Test

Onset point
Crossover modulus
(x,y) = [γc (%), G′ (Pa)] (x,y) = [γm (%), G′ = G″ (Pa)]

δc (º)

σy (Pa)

1

(0.85, 100.12)

(8.28, 5.76)

15.36

0.88

2

(0.88, 93.32)

(7.91, 5.73)

15.47

0.86

3

(1.20, 89.41)

(8.14, 5.43)

16.70

1.12

4

(1.06, 88.38)

(8.02, 5.36)

15.60

0.97

5

(1.18, 90.70)

(7.86, 5.40)

15.89

1.11

Average

(1.03, 92.39)

(8.04, 5.54)

15.80

0.99

(0.16, 4.70)

(0.17, 0.19)

(15.83, 5.09)

(2.13, 3.48)

0.54
3.41

0.13
12.69

S.D.
RSD (%)

6.1.3.5.1.2. Stress sweep
In this oscillatory technique, the frequency ω is kept constant—usually at 1 Hz—and
G*, G′, and G″ are measured as a function of stress amplitude. While stress amplitude σ0
is increased, moduli remain constant during the linear viscoelastic region (LVR) up to a
critical stress above which the system shows a nonlinear response.
In the non-linear region, data points are not equally spaced as a function of strain
amplitude when the stress amplitude is controlled. Beyond the LVR the material response
is not sinusoidal anymore, leading to meaningless data (δ > 90⁰, or additional steps in
moduli). In this case, higher harmonics become important, and their magnitude could be
evaluated. See Figure 6.29.
The onset point of G′ in a stress sweep of structured fluids is a direct estimate of the
yield stress, which coincides with σy calculated from the critical values of the onset point
(G′c, γc, and δc) in the strain sweep study.
In this study, before performing every stress sweep test, a sample conditioning step
was included at a controlled shear rate of 100 1/s during 30 s, to erase the previous shear
history. After a delay time of 10 s, an equilibration step of 300 s was applied at a constant
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oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of rebuilding the
material. Tests were performed in a standard–size vaned rotor.
Before the oscillation stress sweep step, a soak time of 60 s was used to let the sample
equilibrate at 25 ºC. As an example, Figure 6.29 displays the result when applying a stress
ramp from 10–2 to 100 Pa at a frequency of 1 Hz. A logarithmic mode was used to register
30 points per decade.

Figure 6.29. Oscillation stress sweep of a 50% w/w suspension of the P9 specimen. The onset in
any of the curves and the crossover modulus point correspond to different interpretations of the
yield point.

To end with, Table 6.12 shows a repeatability study of the oscillation stress sweep
test, without unloading the sample between consecutive tests. Averaging every set of 5
values in each interpretation procedure, the crossover method provides a slightly higher
precision, with a central value of (1.06 Pa, 7.21 Pa of moduli) and a standard deviation of
(0.04 Pa, 0.32 Pa of moduli). The experiment reveals an excellent reproducibility (RSD
≈ 5%), with no time-dependent effects for 2 h.
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Table 6.12. Repeatability study of the oscillation stress sweep. The yield points were determined
by onset and crossover methods.
Onset point
(x,y) = [σ (Pa), G′ (Pa)]

Crossover modulus
(x,y) = [σ (Pa), G′ = G″ (Pa)]

1

(0.885, 131.88)

(1.08, 6.98)

2

(0.817, 141.98)

(1.04, 7.02)

3

(0.828, 139.31)

(1.03, 7.12)

4

(0.833, 141.50)

(1.05, 7.17)

5

(0.919, 150.42)

(1.12, 7.77)

Average

(0.856, 141.02)

(1.06, 7.21)

S.D.

(0.04, 6.63)

(0.04, 0.32)

RSD (%)

(5.10, 4.70)

(3.43, 4.45)

Test

6.1.3.5.2. Frequency sweep
Once the linear viscoelastic region has been established by an oscillation—strain or
stress—amplitude sweep, one can further characterize the interactions among particles in
the suspension, using a frequency sweep at a strain—or stress—below the critical point.
In this region, the elastic modulus G′ is often nearly independent of frequency, as would
be expected from a structured material.
Figure 6.30 illustrates the general moduli response of real structured liquids. The
overall mechanical spectrum is completely visible depending on instrumental limits and
operator patience. Five regions can be distinguished, ordered from low to high
frequencies, although this variable is usually swept downwards (Barnes, 2000):
—Region I occurrs at the longest measurement times (small frequencies). AR-G2
equipment can reach a lower frequency limit of 1.19·10–7 Hz, that is, a period of 8.40·106
s = 2334 h = 97 d. A delay hard to withstand! This is called the viscous or terminal region,
because G″ prevails over G′. All materials—even solids—have such a region, but
sometimes is so low that oscillatory instruments cannot reach it.
In practice, materials with a yield stress do not exhibit this region. Only at high strain
amplitudes—in the non-linear region—the material structure disappears, the viscous
deformation prevails, and the material shows a pronounced terminal region, in which the
magnitude and the phase up to the 9th harmonic can be evaluated.
—Region II corresponds to the transition-to-flow response (transition towards the
region I) because both moduli cross over. For a Maxwell model, the crossover frequency
is the inverse of the relaxation time τ. In this way, a Deborah number De can be computed
by dividing τ/te, where te is the time taken to reach the cross over.
—Region III is the common response for a viscoelastic liquid, prevailing G′ over G″.
Although known as the rubbery or plateau region, there is always a slight increase of G′
with frequency. The lower the slope of storage modulus, the more negative the slope of
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G″. This curve presents a minimum coinciding with a maximum in G′, called the plateau
modulus Gp.
—Region IV is called the leathery or higher-transition crossover region. This
response implies a G″ rise higher than G′ one, due to high-frequency relaxation and
dissipation mechanisms. The crossover frequency defines another characteristic time.
—Region V is the highest frequency response, not usually seen with an AR-G2
instrument, which has an upper limit of hardly 100 Hz. In this glassy region G″ again
predominates and has a higher slope than G′.
The typical range of frequencies available on most rheometers (10–3–102 Hz) only
allows to see two of these five regions. Depending on the relaxation time of the material,
one can appreciate regions I–II at longer relaxation times or regions III–IV at shorter
relaxation times.

Figure 6.30. General viscoelastic spectrum of non-Newtonian liquids (modified from Barnes,
2000).

6.1.3.5.2.1. Setting up an oscillation frequency sweep test
In this procedure, the frequency is varied linearly or logarithmically, keeping
constant the strain or stress amplitude of the sinusoidal deformation. Both dynamic
moduli are calculated from the sinusoidal stress response. Frequency tests are usually
performed in the linear viscoelastic region—at a small strain—thereby ensuring results
independent of the applied strain (TA Instruments–Waters LLC, 2014).
An oscillation frequency sweep test makes a series of dynamic mechanical
measurements over a range of frequencies, or at a set of selected frequencies, while
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holding a constant oscillation amplitude and temperature. The amplitude can be chosen
at a specified strain or stress value.
Frequency sweeps are normally used to determine the frequency dependence—and
therefore time dependence—of the viscoelastic properties of a material. High frequencies
entail short time scales, and low frequencies denote long time scales.
When setting up an oscillation frequency sweep test, the following parameters have
to be chosen:
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Selected temperature throughout the test. An amount of time can be fixed to
let the sample equilibrate at the desired temperature.
Select the desired control variable, torque/stress or displacement/strain, with
a starting value typically within the linear viscoelastic region (LVR) of the
sample:
o Torque: defined as its specified amplitude to be applied by the motor
at each measurement.
o Stress: determined from the torque applied to the sample and the
specifications of the sampling tool.
o Displacement: defined as its specified amplitude to be applied by the
motor at each measurement.
o Strain: determined from the peak angular deflection applied to the
sample and the specifications of the sampling tool.
o Strain rate: defined as the specified amplitude of the shear rate to be
applied to the sample at each mesurement. This selection is useful for
quasi-Newtonian fluids. However, the strain increases with
decreasing frequency, driving the sample into non-linear response.
Selection of the type of frequency sweep test desired, choosing between
frequency (Hz) and angular frequency (rad/s):
o Logarithmic sweep: Once assigned the range limits of the test, the
intermediate points are spaced logarithmically, either upwards or
downwards. Choose the range and enter the desired number of points
collected per decade, based on the initial value. The final value is
always collected, regardless of whether it is outside the normal
pattern.
o Linear sweep: It uses the entered values as the starting and ending
limits of the test, with intermediate points calculated by adding or
substracting the increment until the final value is achieved. It is also
feasible to fix the total number of frequencies collected within the
specified range.
o Discrete sweep: It takes a measurement at each frequency in a list of
frequency values, with up to 10 discrete frequencies being specified.
The test frequencies in the list can be run in any order (do not have to
be monotonic).
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6.1.3.5.2.2. Repeatability study and time effects
At the start of the experimental procedure, before performing every frequency sweep
run, a sample conditioning step was included at a controlled shear rate of 100 1/s during
30 s, to erase the previous shear history. Immediately—with a soak time of 0 s—, an
equilibration step of 300 s was applied at a constant oscillation stress of 0.1 Pa and a
frequency of 1 Hz, with the aim of rebuilding the material.
Again, the oscillation frequency sweep step started without having to wait for a soak
time to let the sample equilibrate at 25 ºC. As an example, Figure 6.31 displays the result
when applying a logarithmic sweep from 102 to 10–3 Hz at a strain of 0.1%, sampling 30
points per decade. Five successive cycles of pre-shear / equilibration / frequency sweep
were performed, using a standard–size vaned rotor as a sensor tool. Frequencies were
swept in a descending fashion to record every consecutive data point at longer and longer
times. Every frequency sweep test lasted 4 h, sampling every 7 s at the highest frequency
and every 17 min at the lowest frequency.
The inverses of the crossover frequencies—at which G′ = G″—provide the two main
characteristic times of the graph. Plateau modulus Gp is the value of the storage modulus
in which the elastic response prevails. The frequency necessary to obtain Gp is defined as
the minimum in tan δ (Barnes, 2000).

Figure 6.31. Oscillation frequency sweep of a 50% w/w suspension of the P9 specimen, showing
the information provided by the evaluation.
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Additionaly, Deborah number De is defined as the ratio of the relaxation time τmax
and the characteristic time scale of the experiment te. When De << 1 the material behaves
as a Newtonian-like fluid, which implies that the flow is very slow compared to the
relaxation time of the fluid (Mewis and Wagner, 2012).
Table 6.13 shows a repeatability study of the oscillation frequency sweep test,
without unloading the sample between consecutive tests. Averaging every set of 5 values,
the evaluation shows a high precision in fmim, tan δ, and therefore in τmax, te, and De.
Conversely, fmax, τmin, and Gp show a poor reproducibility (RSD > 20%), due to the rise of
the cohesive energy among the particles that form the suspension, which provokes an
increase in Gp and fmax. throughout the 20 h duration of the study.
Table 6.13. Repeatability study of the oscillation frequency sweep test at 0.1% strain, including
some key parameters deduced from the curves. From left to right: minimum crossover frequency
(fmim), maximum crossover frequency (fmax), minimum of the function G″/G′ (tan δ), longest
relaxation time (τmax), high-frequency relaxation time (τmin), time of the experiment (te), Deborah
number (De), and plateau modulus (Gp). Tests were performed with a standard-gap vane rotor.
fmin (Hz) fmax (Hz) tan δ (—)

Run

τmax (s)

τmin (s)

te (s)

De (—)

Gp (Pa)

0.1578

378.79

4.21·10

–2

6132

6.18·10

–2

86.33

0.1568

467.29

4.30·10–2

7035

6.64·10–2

106.48

418.41

3.35·10

–2

6568

6.37·10

–2

133.72

2.97·10

–2

6.29·10

–2

175.23

438.60

2.61·10

–2

6569

6.68·10

–2

212.78

417.84

3.49·10–2

6488

6.43·10–2

142.91

–3

375

–3

51.33

21.46

5.79

3.41

35.92

1

2.64·10

–3

23.75

2

2.14·10–3

23.27

3

2.39·10

–3

2.59·10

–3

2.28·10

–3

38.32

0.1557

Average 2.41·10–3

29.78

0.1562

4
5
S.D.

33.70

0.1547
0.1561

386.10

–4

6.46

0.0012

36.77

8.70

21.70

0.75

8.80

2.09·10

RSD (%)

29.86

7.48·10

6135

2.19·10

6.1.3.5.3. Temperature ramp
A dynamic temperature-ramp test helps to appreciate slight disturbances in the
structure while a temperature program is applied over the specimen, with the aim of
simulating a cyclic process or assessing long-term stability. In this procedure the
temperature is changed continuously at a constant frequency. However, it is possible to
apply different consecutive frequencies or multiwave tests with simultaneous frequencies.
Phase shift and strain/stress amplitudes are recorded during the experiment, among other
variables.
When setting up a dynamic temperature-ramp test, the following parameters have to
be chosen (TA Instruments–Waters LLC, 2014):
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Initial/end temperatures and ramp rate are the main environmental
commands. An amount of time can be fixed to let the sample equilibrate at
the beginning. Similarly, a soak time after ramp can be established.
Regarding the method used to collect data, it is possible to select the sampling
rate, the sampling interval, or the number of points.
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Select the desired control variable, torque/stress or displacement/strain, with
a starting value typically within the linear viscoelastic region (LVR) of the
sample:
o Torque: defined as its specified amplitude to be applied by the motor
at each measurement.
o Stress: determined from the torque applied to the sample and the
specifications of the sampling tool.
o Displacement: defined as its specified amplitude to be applied by the
motor at each measurement.
o Strain: determined from the peak angular deflection applied to the
sample and the specifications of the sampling tool.
Frequency sweep parameters:
o Single point, choosing between frequency (Hz) and angular frequency
(rad/s).
o Logarithmic sweep: Once assigned the range limits of the test, the
intermediate points are spaced logarithmically, either upwards or
downwards. Choose the range and enter the desired number of points
collected per decade, based on the initial value. The final value is
always collected, regardless of whether it is outside the normal
pattern.
o Linear sweep: It uses the entered values as the starting and ending
limits of the test, with intermediate points calculated by adding or
substracting the increment until the final value is achieved. It is also
feasible to fix the total number of frequencies collected within the
specified range.
o Discrete sweep: It takes a measurement at each frequency in a list of
frequency values, with up to 10 discrete frequencies being specified.
The test frequencies in the list can be run in any order (do not have to
be monotonic).

As an illustrative example, Figure 6.32 shows two temperature ramps run at a rate of
1 ºC/min (a heating segment from 2 to 40 ºC and a cooling segment from 40 to 2 ºC) were
performed over the suspension. Test parameters include a frequency of 1 Hz and a strain
of 0.1%. This deformation value is inside the linear viscoelastic region, previously
established by an oscillation amplitude sweep. Tests were performed over a 50% w/w
suspension of the P9 specimen in a standard–size vaned rotor.
Before every temperature ramp, a sample conditioning step at the initial temperature
was included at a controlled shear rate of 100 1/s during 30 s, to erase the previous shear
history. Then, with no temperature change, an equilibration step of 300 s was applied at
a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz, with the aim of rebuilding
the material.
Although the system is requested to heat from 2 ºC, the sample inertia prevents from
having a proper temperature control under 4 ºC. While cooling, the same situation
happens under 9 ºC. Figure 6.32 exhibits a symmetrical behaviour, exemplified by an Xshaped phase-angle curves. All curves show a building-up response due to thixotropic
effects.
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Figure 6.32. Oscillation temperature sweeps of a 50% w/w suspension of the P9 specimen,
showing the temperature-increase and temperature-decrease curves. The instrument is requested
to scan the temperature in the range 2–40 ºC and 40–2 ºC.

If this up-and-down temperature program is done repeatedly, simulating an extreme
day/night cycle, the result can be observed in Figure 6.33. The curves in the top row are
the storage moduli G′, the middle row is composed of the loss moduli curves G″, and the
lower row corresponds to phase-angle plots. The study started over 10 ks because the first
cycle was discarded.
Focusing on phase shift, a variable which collects information on the entire
viscoelastic response (according to Equation 6.25), Figure 6.34 summarizes the evolution
of the material in a period of 10 h. In this graph, the phase-angle limits are drawn for
every ramp. Both taking up or down ramps, phase-angle steps increase because the
phenomena of reversible ageing and shear rejuvenation raise over time—the suspension
becomes more and more thixotropic, according to Moller et al. (2009).
6.1.3.6. Overview of the different rheological tests
As was seen in Sections 6.1.3.3–6.1.3.5, a wide range of analytical procedures is
available to describe rheometrically the viscoelastic response of the concentrated
suspensions of post-flotation wastes. These procesures are categorized in flow, transient,
and dynamic tests. The intricate interactions among the constituents of a mineral
suspension deserve attention from different rheological points of view.
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Figure 6.33. Cycles of oscillation temperature sweeps over a 50 wt% suspension of the P9
specimen, showing the temperature-increase and temperature-decrease curves. The instrument is
requested to scan the temperature in the range 2–40 ºC and 40–2 ºC.

The multiphasic character of these structured fluids is the reason why these mineral
dispersions exhibit a complex viscoelastic behaviour. Viscosity of the dispersant is
affected by its physico-chemical properties. Furthermore, particle-size distribution,
particle shape, and particle mineralogy have a strong influence on settling processes,
stabilizing and destroying weak structural networks with small shear or Brownian forces.
Table 6.14 summarizes and compares the rheometric tests employed to explain the
viscoelastic behaviour of a 50 wt% suspension of the P9 specimen. This compilation of
tests explores the rheological limits of the instrument, the rotating geometry, and the
material assayed. Regarding the control-variable column, most flow tests do not require
to keep constant any rheometric variable. In some dynamic tests, when a choice must be
made between strain or stress, the best results are achieved by controlling strain, even
though AR-G2 is not a strain-controlled shear rheometer, nor a vane rotor is the proper
geometry to get true small deformations over the suspension.
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Figure 6.34. Phase-angle evolution along the five up-and-down cycles. Left limits of those ramps
increase and rigth limits decrease throughout the 10 h of the experiment.

All tests raised in Table 6.14 have to do with the linear viscoelastic range (LVR) of
the material. However, in concentrated mineral suspensions, LVR is an ideal situation,
because shear-thinning and thixotropic processes are running in the background while the
target experiment is happening in the foreground. Sweeping the variables towards the
non-linear region enables one to understand the yield behaviour of the material.
The column Plotted variables shows the vast array of possibilities when drawing
rheological graphs. Logarithmic vs. logarithmic, linear vs. linear, logarithmic vs. linear,
or linear vs. logarithmic are four ways of representing the same results, which can help
us to highlight the different aspects to be assessed. An additional y-axis is often used when
an extra curve is added to visually enrich the results.
Sample conditioning is a pre-shear step necessary to wipe away the flow history of
the sample. This step is not compatible with parallel-plate geometry, because centrifugal
force would displace the sample. An equilibration step is usually added to rebuild the
sample in a reproducible way, before the target experiment is run. As an exception, this
step is not convenient in a peak-hold test, where an equilibration step would prevent the
sample from achieving an overshoot stress.
A diversity of parameters is obtained in the three categories of tests. Some authors
assimilate the overshoot stress obtained in a start-up flow (peak hold) experiment as the

112

Analytical methods

Analytical methods

113

—

Steady-state
rate sweep

Frequency
(1 Hz)

Stress
sweep

LVR &
beyond

LVR &
beyond

Within
LVR

Conditioning
Equilibration

Moduli & phase
angle vs. stress

Temperature Frequency &
ramp
strain / stress

Within
LVR

Moduli & phase
angle vs. temp.

Yield &
melting-strain
points
Yield &
crossover
points
Crossover &
plateau moduli

Conditioning Temperature
Equilibration profiles

Conditioning
Equilibration

Conditioning
Equilibration

Equilibration Relaxation
time

—

—

0.86 ± 0.04

0.88 ± 0.17

—

Conditioning Yield stress 2.7–2.9
Equilibration & more

Moduli & phase
angle vs. strain

Relaxation
modulus vs. time

LVR & Shear strain
beyond vs. time

LVR & Stress-rate
Conditioning Yield stress 1.30 ± 0.04
beyond Viscosity-rate Equilibration

LVR & Viscosity vs. Conditioning Yield stress 2.44 ± 0.01
beyond shear stress Equilibration

LVR & Stress-rate
Conditioning Yield stress 2.31 ± 0.23
beyond Viscosity-rate Equilibration & more

LVR & Viscosity vs. Conditioning Yield stress 2.36 ± 0.04
beyond shear stress Equilibration

Frequency Strain / stress Within Moduli vs.
sweep
(0.1% / 0.1 Pa) LVR frequency

Frequency
(1 Hz)

Dynamic Strain
sweep

Shear strain
(0.1%)

—

Steady-state
stress sweep

Stress
relaxation

—

Continuous
rate sweep

Shear stress
(0.3–3.1 Pa)

—

Medium

—

(0.5 + 5 + 35) Medium
per ramp

0.5 + 5 + 239 Medium

0.5 + 5 + 14 Small

0.5 + 5 + 18 Small

20

0.5 + 5 + 67 Strong

0.5 + 5 + 25 Irrelevant

0.5 + 5 + 32 Irrelevant

small

0.5 + 5 + 5 Very

0.5 + 5 + 5 Small

0.5 + 5

Conditioning Overshoot 2.52 ± 0.01
stress

Within Shear stress
LVR vs. time

Shear rate
(0.1 1/s)

Continuous
stress sweep

Peak hold

Sample
Parameters Yield stress Test duration Time
pretreatment obtained
reported (Pa)
(min)
effects

Typical control Typical Plotted
variable
range variables

Transient Creeprecovery

Flow

Category Test name

Parallel Very
plates good

Vane Very
good

—

—

Vane Very
good

Vane Excellent

< 6% Vane Very
good

Used to get a
viscoelastic
spectrum
To explore
cyclical response

—

establish LVR

—

Useful to run
cyclical loadunload tests

Low-viscosity
suspensions

—

Poor
reproducibility

< 20% Vane Excellent Used to

—

—

< 3% Vane Fair

< 0.4% Vane Very
good

10–20% Vane Good

< 2% Vane Excellent DIN-TR143

Easy to run

Quality
Observations
& Utility

< 1% Vane Very
good

Precision Sensor

Table 6.14. Overview of most common rheological tests used to explain the viscoelastic response of concentrated suspensions, highlighting its advantages and
drawbacks. LVR Linear viscoelastic range. Test duration includes sample pretreatments. Precision refers to yield-stress measurements (n = 5) over a 50 wt%
suspension of the P9 specimen. Except for temperature ramps, all the tests were performed at 25 ºC. Vane refers to a standard-gap vane rotor.

true yield stress (Boger, 2013). Yield-stress values attained by oscillatory shear
measurements are one third of flow values, what means that these slurries reach the
critical point at lower stresses in dynamic than in flow conditions. The best reproducibility
is reached with a peak-hold test. Although steady-state stress sweep tests provide the best
precision, their registered points are too wide apart.
In short, emphasizing the characteristics that distinguish these tests:
—Peak hold: Fast and precise measurements with very good yield-stress values and
useful to study time effects.
—Continuous stress sweep: Precise measurements with good yield-stress values,
subject to the standard DIN-TR143.
—Continuous rate sweep: Poorly precise determinations with fair yield-stress values
and more shear-thinning parameters resulting from the evaluation.
—Steady-state stress sweep: The slowest flow measurements with very good
precision determining yield-stress values.
—Steady-state rate sweep: Test not suitable for high-viscosity materials.
—Creep-recovery: Versatile test to evaluate a wide range of viscoelastic parameters.
—Stress relaxation: Suitable to study very concentrated suspensions, where vane
rotor can not be loaded (> 65 wt%).
—Strain sweep: The best choice to determine the LVR, although with the worst
precision in determining the critical yield points.
—Stress sweep: Very good at determining the dynamic yield point.
—Frequency sweep: Useful to perform mechanical vibrational spectroscopy over the
slurries. These are the longest tests.
—Temperature ramp: Helpful in obtaining temperature profiles, both running simple
and cyclical procedures.
6.2.

LASER DIFFRACTION

Laser diffraction (LD) technique relies on the modelized particle size distribution
(PSD) calculation from angular pattern of scattered light intensities. The type of diameters
reported have to do with a set of equivalent light-scatter diameters, which provides a
volume-based size distribution of a group of spherical particles.
Table 6.15 shows an overview of the main particle-size measurement techniques,
where LD is notable for its wide measurement range, its ability of accepting different
sample types, its low sample size required, its high throughput, and its excellent quality
(precision, resolution and sensitivity).
The particle size study was determined by using a Mastersizer 2000LF (Malvern
Instruments Ltd, UK) laser grain-size analyser with a coupled dispersant unit (Hydro
2000G) (Figure 6.35). In particular, this device covers a measurement range of 0.02–2000
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µm with two ligth sources: red ligth (633 nm) comes from a He-Ne laser and blue ligth
(466 nm) comes from a solid state ligth source.

Figure 6.35. (a) Optical bench of the Mastersizer 2000LF, (b) Scirocco unit for dry dispersion,
(c) Hydro 2000G unit for dispersion in water, (d) Hydro 2000SM unit for dispersion in other
liquids.

In this study, LD system analyzes the dry powder dispersed in water, performing the
measurements off-line. A medium-to-low particulate concentration is required to have
enough signal-to-noise ratio, avoiding multiple scattering. Obscuration—the percentage
of incident light removed by particles—indicates the suitable concentration limits. An
ideal obscuration range for this type of suspensions is 5–15%.
6.2.1. Optical models
Mastersizer 2000LF uses the full Mie theory, which completely solves the equations
for interaction of light with matter, providing accurate results over a large size range
(Malvern Instruments, 2007). Mie theory assumes spherical particles and requires
knowledge of the following parameters:
—Real part of the refractive index, which describes the amount of scattering that
takes place as a result of light interacting with the particle.
—Imaginary part of the refractive index, which describes the amount of absorption
that takes place as the light enters the particle.
—Density. This magnitude is used to calculate the specific surface area.
A residual value indicates how well the calculated data fitted the measurement data.
A good fit implies a residual of under 1%. A residual of over 1% may indicate use of
incorrect refractive index and absorption values for the sample and dispersant.
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Table 6.15. Overview of particle-size measurement techniques (Merkus, 2009)

Fraunhofer approximation does not presume spherical particles because predicts
projected areas. This approach is tending to fall into disuse. It assumes that the particle is
greater than 40x wavelength (25 μm for a He-Ne laser and 19 μm for a blue light source),
that scatter efficiency is the same for all particle sizes, and that particle is opaque. Many
materials do not satisfy these conditions, reaching errors of 30% when analizing small
particles.
Both Mie theory and Fraunhofer approximation requires the refractive index of
dispersant medium.
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6.2.2. Sample preparation
Although post-flotation wastes have an important fraction of soluble solids, water is
the dispersant choice—instead of dry dispersion—because this study focuses on how
water provokes the instability of tailings dams. Dispersion in water aims a complete deagglomeration of the sample without particle breakage or attrition. Sample preparation,
instrument setup and cleaning between consecutive measurements only takes a few
minutes.
Dry samples were previously deagglomerated using a rolling pin on a laboratory
paper sheet. The coarse fraction was excluded with a 2 mm sieve. In order to make a
representative study, 100 g of every bulk material was riffled in a rotary divider (Rotary
Micro Riffler, Quantachrome Instruments, FL, USA). Sub-samples of 0.3–0.5 g were then
suspended in 10 mL of purified water, without the need of any dispersant agent.
A blank measurement tests the cleanliness of the optical system. Background
information is collected during 5 s before each sample measurement, passing only a clean
dispersant through the system. Then, the suspension prepared was added to the Hydro
2000G unit, sonicated for ~30 s at a power of 50%, until obscuration becomes stable in
the range 5–15%. To avoid the sample sinks to the bottom of the tank, pump speed is set
to 2000 rpm and stirrer speed to 600 rpm. Regarding the optical parameters, a real part of
1.56 and an imaginary part of 0.20 for the refractive index were found to be optimal for
these specimens.
Three measurements of 5 s each were performed per sample. Between consecutive
samples, three cleaning cycles were completed to avoid cross contamination. After
optimization of the procedure, all operational conditions can be stablished in a Standard
Operating Procedure (SOP), which is valid for the same type of specimens. However, a
SOP do not allow manual adjustments when analyzing a heterogeneous series of
specimens. This was the reason why only manual procedures were accomplished.
6.2.3. Particle size analysis
Regarding the materials that form the tailings dams as soils—more precisely as
Spolic Technosols (Conesa et al., 2011)—a set of parameters can be assessed to determine
the linkage between their particle size distribution and their geotechnical characteristics,
which involve terms like cohesion, permeability, seepage, effective stress, liquefaction,
and consolidation (Knappett and Craig, 2012).
6.2.3.1. Geotechnical criteria
The size such that i % of the particles are smaller than that size is denoted by Di. The
size D10 is defined as the effective size, because can be used to estimate the permeability
of the soil. The general slope of the distribution curve is described by the coefficient of
uniformity Cu, defined as Cu = D60 / D10. Coefficient of curvature Cc is used to measure
the shape of the distribution curve, computed as Cc = D302 / (D60·D10).
The European Standard EN ISO 14688–1 (2002) defines the basic soil types.
Composite types of soils are based on those. Table 6.16 shows a simplified classification
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of the basic soil types, provided that laser diffraction tool ranges 0.02–2000 µm. As
approximate guidelines, a soil material is considered of basic type sand, silt or clay if the
higher mass fraction is of sand, silt or clay size, respectively. Main fraction determines
the geotechnical properties of the soil, and is written with a capitalized symbol. Secondary
fractions are considered as adjetives of the main fraction and are therefore symbolized
with lower-case letters. As an example, siFSa is a silty FINE SAND. Table 6.17 shows
some composite types of coarse soils.
Table 6.16. Particle size classes according to the European Standard EN ISO 14688–1 (2002).
Soil fractions

Subclasses

Symbols

Coarse soils

Sand

Sa

Coarse sand

CSa

630–2000

Medium sand

MSa

200–630

Fine sand

FSa

63–200

Silt

Si

Coarse silt

CSi

20–63

Medium silt

MSi

6.3–20

Fine silt

FSi

2–6.3

Clay

Cl

Fine soils

Particle size ranges (µm)
63–2000

2–63

2

A soil is described as well graded if the cumulative undersize curve is smooth and
concave upward. The distribution is poorly graded if (a) presents unimodality in a narrow
particle size range (the soil is uniform) or (b) presents multimodality (the soil is gap
graded or step graded). A well-graded soil has higher strength and lower permeability,
because the smaller particles fill the spaces among the larger particles. A poorly-graded
material has large voids in its structure, poor strength, and high permeability.
Table 6.17. Some composite types of coarse soils (Knappett and Craig, 2012).
Term

Composition

Slightly silty SAND

Up to 5% silt

Silty SAND

5–20% silt

Very silty SAND

Over 20% silt

Slightly clayey SAND

Up to 5% clay

Clayey SAND

5–20% clay

Very clayey SAND

Over 20% clay

A soil classification system, known as the Unified Soil Classification System
(USCS), was developed in the United States (described in ASTM D2487), but with less
detailed subdivisions. In the USCS method, the coarse-grained soils are classified,
according to their gradation, as:
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—SW: Well-graded sands with < 5% fines, Cu > 4, and 1 < Cc <3.
—SP: Poorly-graded sands with < 5% fines, not meeting all gradation requirements
for SW.
—SM: Sands with more than 12% silt, known as silty sands or sand-silt mixtures.
—SC: Sands with more than 12% clay, known as clayey sands or sand-clay mixtures.
6.2.3.2. Characteristic PSD data
Merkus (2009) standardized a particle size distribution (PSD) according to its
fineness and PSD width:

Other characteristic PSD data can be extracted from the given distribution and later
be applied in comparative studies (Malvern Instruments, 2007):
—Volume median diameter D50 has the advantage over mean and mode in that it is
insensitive to the presence of outlier sizes. It is also expressed as D[v,0.5] or D0.5.
—Surface area moment mean or Sauter mean diameter (SMD) D[3,2] is an analogue
to moment of inertia defined as the mean diameter with the same ratio of volume to
surface area as the entire ensemble. This moment can be expressed as D[3,2] =
(ΣViDi3)/(ΣViDi2).
—Volume/mass moment mean or De Broucker mean diameter D[4,3] is an analogue
to moment of inertia that indicates which central point of the frequency the volume/mass
distribution would rotate. It behaves as a centre of gravity of the volume/mass
distribution. This moment can be expressed as D[4,3] = (ΣViDi4)/(ΣViDi3).
—Span is another measurement of the width of the distribution. The narrower the
distribution, the smaller the span becomes. It is expressed as the ratio of (D90 – D10)/D50.
—Uniformity is a measure of the absolute deviation of the median. It is expressed as
the ratio of (ΣVi D50–Di)/(D50ΣVi), where Di is the mean diameter of the size class i.
—Specific surface area (SSA) is the total area of the particles divided by the total
weigth. It is expressed as (6ΣVi/Di)/(pΣVi) = 6/(pD[3,2]), where Vi is the relative volume
in the class i, Di is the mean diameter of the size class i, and p is the particle density. It is
based on the assumption that particles are spherical and non-porous, what implies an
underestimation of the true specific surface area in more than two orders of magnitude.
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6.3.

HELIUM STEREOPYCNOMETRY

Gas stereopycnometry is one of the most suitable procedures to indirectly determine
the particle density of powdered solids. The term stereopycnometry is derived from the
Greek words stereo—hard, firm, or solid—and pyknos—meaning dense. A gas
pycnometer actually measures the volume of solid objects by employing the Archimedes’
principle of fluid displacement.
Figure 6.36 displays the operation scheme of the SPY-6DC model (Quantachrome
Instruments, Boynton Beach, Florida, USA) used in this study. This simple type of gas
pycnometer—without barely moving parts—consists of two chambers, one with a
removable gas-tight cover to hold the sample and a second chamber of known internal
volume—referred to as the reference volume or added volume. The device additionally
comprises a valve to admit a gas under pressure to one of the chambers, a pressure
transducer connected to the first chamber, a selector valve connecting both chambers, and
a vent on-off toggle valve from the first chamber. The working equation of a gas
pycnometer wherein the sample chamber is pressurized first is as follows:
V

/

(6.33)

where the shaded area in Figure 6.36 is the sealed sample cell volume Vc, known by a
prior calibration step. By opening the vent valve the cell reaches an ambient pressure, Pa,
after being purged with helium. This pressure is zeroed, being all pressure measurements
refered to Pa. In addition, Vp is the volume of solid placed in the sample cell, VA is the
volume added when the selector valve remains open (again known from a previous
calibration step), P2 is the pressure above ambient (firstly adjusted around 17 psig only in
the sample chamber), and P3 is the second—lower—pressure above ambient, measured
after expansion of the gas into the combined volumes of sample chamber and reference
chamber.

Figure 6.36. Flow diagram showing the operation scheme of the SPY-D160-E gas-expansion
pycnometer (Quantachrome Instruments, 2009).
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In constant-volume gas pycnometers, helium is the recommended fluid because
penetrates the finest pores, it is inert, and behaves as an ideal gas. Nevertheless, nitrogen
or sulfur hexafluoride are helpful when trying to avoid helium permeability through low
density solids, mainly polymers and cellulosic materials (Lowell et al., 2004).
6.3.1. Calibration procedure
The manufacturer recommends to check or recalibrate Vc and VA values regularly, in
order to prevent performance alterations due to the presence of powder into the filter and
tubing. Strong variations of room temperature will also require recalibration. A small
calibration sphere of 7.0699 ± 0.0006 cm3 was used in this study. This stainless-steel
sphere is inserted in a sample cell, which allows around 10 cm3 of loose sample at 60%
of its full capacity. This sample cell is placed in a metallic sleeve and the assembly is
finally inserted into the sample cell holder of the stereopycnometer. See Figure 6.37 for
more details.

Figure 6.37. From left to right, small calibration sphere, sample cell, and small sleeve used to
calibrate the sterepycnometer.

Calibration routine (Figure 6.38) consists of two pressurizations, one with the sample
cell empty (Vp = 0; pressure readings P'2 and P'3) and another with the calibration sphere
in the sample cell (Vp = 7.0699; pressure readings P2 and P3). Combining both conditions
the following expressions are obtained:
(6.34)
⁄

(6.35)
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Figure 6.38. Example of a stereopycnometer calibratios report, where the shaded area encloses
the volume values obtained from the mathematical expressions 6.31 and 6.32.

6.4.

STEREOMICROSCOPY

This technique allows small magnifications of relatively large objects, with a natural
three-dimensional viewing. Its long working distance enables it to handle the specimen
during the observation. This makes it a key tool to appreciate the appearance of the
particles that form the mineral slurries studied.
Samples were previously conditioned at 60 ºC overnight to release most of its
moisture. Then, around 30 mg of each sample was spread thinly—although with some
pressure—over a white double-sided adhesive tape, which can support up to four samples
per assemblage, as shown in Figure 6.39. After placing each sample, the tape was blown
to ideally keep a monolayer of particles.
Finally, samples were visualized under a stereomicroscope (SZ61 TR, Olympus,
Japan), at a working distance of 110 mm and 20–45x magnification, using LED lighting.
Images were captured in a 1600 x 1200 format using a digital
camera (Leica MC190 HD, Germany) and the Leica Application
Suite (v.4.8.0, 2015) software (Leica Microsystems, Heerbrugg,
Switzerland). The assembly is shown in Figure 6.40.
Figure 6.39. Aluminum disc supporting a group of four particulate
samples from El Descargador tailings dam.
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Figure 6.40. Stereomicroscope coupled to a digital camera, while observing the particles. The
image displayed corresponds to the W7 specimen at a 20x magnification.

6.5.

COMPOSITIONAL AND STRUCTURAL TECHNIQUES

The different specimens collected in the tailings dams considered in this research
were characterised by thermogravimetry (thermal decomposition analysis), CHN
analysis, wavelength dispersive X-ray fluorescence (study of the elemental composition),
and X-ray diffraction (structural analysis).
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6.5.1. Thermogravimetric analysis (TG–MS)
A complete thermogravimetric study was performed using TG–MS. A “TGA/DSC 1
HT” thermogravimetric analyzer (Mettler-Toledo GmbH, Schwerzenbach, Switzerland)
with a flowing oxygen atmosphere (50 mL/min) was used for this determination. The
temperature was programmed to increase from 30 to 1075 ºC at 30 K/min, followed by
an isothermal segment of 20 min at this temperature. All of the TG measurements were
blank-curve corrected and alumina pans of 70 L capacity, without lids, were used. The
TG instrument was coupled to a Balzers Thermostar mass spectrometer (Pfeiffer Vacuum,
Asslar, Germany) for gas analysis. Only water vapor (18 uma), hydrogen chloride (36
uma), carbon dioxide (44 uma), and sulfur dioxide (64 uma) were analyzed. The dwell
time for every ion was 10 s and the cathode voltage in the ion source was 65 V. A “QMS
200 M3” model quadrupole mass spectrometer was used for this purpose (Alcolea et al.,
2009).
Samples for thermogravimetric
study were previously ground by hand
and finally conditioned overnight in
an oven at 60 ºC. A sample size of
approximately 9–10 mg was used to
perform the analyses.
Sulfur actually evolves as SO3,
but this specimen is easily fragmented
in the ion-formation chamber to
generate SO2+ ions. This is the reason
why the intensity of the m/z 64 uma
ion is higher than the intensity for the
80 uma ion. In the different types of
specimens studied, sulfur occurred as
sulfides, sulfates, and also linked to
organic matter. In fact, the production
of acidity from the oxidation of pyritic
materials can be up to 5–6 orders of
magnitude faster in the presence of
microorganisms
such
as
Acidothiobacillus ferrooxidans and A.
thiooxidans (Carmona et al., 2009).
In general, SO3 may evolve in
the range 180–1400 ºC. A
polymineralic mixture of silicates,
sulfates, carbonates, and sulfides is
Figure 6.41. (a) Thermogravimetric
analyzer, and (b) Mass spectrometer used
as a detector of the gases evolved from the
furnace.

124

Analytical methods

impossible to overcome via TG–MS, because sulphide roasting interferes with mass
losses coming from combustion of organic matter, decomposition of carbonates, and
dehydration of structural water of some phyllosilicates. In order to get accurate
knowledge of carbon and hydrogen content in this scenery, it is advisable to use a
dedicated CHN analyzer instead of a TG–MS system.
A TG/DSC–MS system is a technique that measures both the change in weight and
heat flow while a sample is heated, cooled or held at constant temperature. Its main use
is to characterize materials with regard to their composition. Some features of the system
displayed on Figure 6.41 are:







Ultra-microgram resolution over the whole measurement range
Automation with a reliable robot for high sample throughput
Wide measurement range, analyzing up to 900 L or 1 g of sample.
Broad temperature scale, analyzing samples from room temperature to 1600 ºC.
Gastight cell, which ensures a properly defined measurement environment
Hyphenated techniques—evolved gases can be analyzed by using MS or FTIR.

6.5.2. CHN analysis
A quantitative analysis of some light elements present in the wastes was performed
using an elemental determinator. CHN analyses were made using a Leco CHN628
analyzer (Leco Corporation, St. Joseph, MI, USA) (Figure 6.42). Representative and
uniform powder samples were burned at 950 ºC in an excess of oxygen. A calibrate
system blank was performed before the determinations. Five-point (25, 50, 100, 200, 300
mg) calibration curves were constructed by analyzing the soil standard Leco 502-062.
Wastes were ground and conditioned at 60 °C for 24 h before the combustion, in the
same way that they were prepared for thermogravimetric analysis. Each analyte has a
certain validity range for every calibration procedure (see Table 6.18 as an example).
Table 6.18. Example of Leco 502-062 calibration parameters for the analytes determined.
Analyte
C
H
N

Validity range (mg)

Root-mean-square error (mg)

Linearity (R2)

0.51–6.10
0.10–1.16
0.05–0.55

0.74751
8.81772
6.16549

0.99995
0.99350
0.99682

A pre-weighed and encapsulated sample is placed in the instrument's loader where
50–150 mg of the sample (depending on the C, H, and N contents) will be transferred to
the instrument's purge chamber directly above the furnace, eliminating the atmospheric
gases from the transfer process. The sample is then introduced to the primary furnace
containing only pure oxygen, resulting in a rapid and complete combustion (oxidation) of
the sample. Carbon, hydrogen, and nitrogen present in the sample are oxidized to carbon
dioxide (CO2), water (H2O), and NOx respectively, and are swept by the oxygen carrier
through a secondary furnace for further oxidation and particulate removal (afterburner
temperature was set at 850 ºC). The combination gases are then collected in a vessel
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known as a ballast for equilibration. The homogenized gases from the ballast are swept
through a 10 cm3 aliquot loop and then passed into a helium carrier gas. Separate
optimized non-dispersive infrared (NDIR) cells are utilized for the detection of H2O and
CO2, ensuring the rapid analysis time of the system (4.5 min for the 3 elements
determined). The NOx gases are passed through a reduction tube filled with copper to
reduce the gases to N2 and remove any excess oxygen present from the combustion
process. The aliquot gas then passes through some sorbers to remove CO2 and H2O, and
finally onto a thermal conductivity cell (TC) utilized to detect the N2. The flow diagram
is displayed on Figure 6.43.

Figure 6.42. (a) CHN analyzer, and (b) monitor showing the three analytes detected.

It is feasible to determine the organic carbon content according to the standard ISO
10694:1995(E), removing previously the carbonates by mixing all samples with HCl 4 N
inside a fume hood. The amount of hydrochloric acid to be added depends on the
carbonate content. Anyway, an excess of HCl should be added, which can be estimated
by assuming that the sample consists of 100% carbonates. As 500 L of HCl 4 N
neutralizes 100 mg of CaCO3, this is the maximum volume of acid to add. HCl addition
is performed by pouring 50 L of HCl 4 N per capsule every 15 min, until bubbling
ceases. A metallic tray with the capsules inserted in a grid of holes is used to carry the
samples. During the neutralization, this tray is placed on a hot plate at 120 ºC to help the
reaction complete faster. After waiting 4 h from the last addition, the crucibles are dried
for 16 h at 60–70 ºC. Finally, the analysis is carried out in accordance with the
manufacturer's manual for the apparatus.
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Figure 6.43. Flow diagram showing the operation scheme of a Leco CHN628 series elemental
determinator.

6.5.3. Wavelength dispersive X-ray fluorescence (WDXRF)
Solid samples were studied by wavelength dispersive X-ray fluorescence
spectrometry for elemental analysis. Due to the measurement method and the optical
configuration of the spectrometer, elements with atomic number less than 9 could not be
measured directly. Instead, thermogravimetric analysis coupled to mass spectrometry
(TG–MS) or CHN analysis may carry out, mainly to distinguish the carbon dioxide and
water in the samples—which helps to complete a good semi-quantitative analysis by
WDXRF.
Samples for WDXRF were dried at 60 ºC for 24 h (in order to release most of the
free water) and then ground in a “HSM 100 H” disc mill (Herzog Maschinenfabrik
GmbH+Co., Osnabrück, Germany), for 1 min, to give a final particle size lesser than 40
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m. Sample preparation of wastes involved the formation of pressed-powder pellets using
10 g of sample and 1 g of wax binder (reference 109014, Merck KGaA, Darmstadt,
Germany). All specimens were prepared in the hydraulic laboratory press MIGNON-SS
(Nannetti, Faenza, Italy). See Figure 6.44, where (a) and (b) are installed at ground level,
and (d) is a desktop equipment.
The pelletized samples were analyzed using a commercial spectrometer (Bruker S4
Pioneer), equipped with a Rh anticathode X-ray tube (20–60 kV, 5–150 mA, and 4 kW
maximum), five analyzer crystals (LiF200, LiF220, Ge, PET, and XS-55), a sealed
proportional counter for detection of light elements, and a scintillation counter for heavy
elements. The instrument is capable of analyzing elements ranging from Na to U, in
virtually any type of matrix. Depending of the analytical line and matrix, concentration
range extends from sub ppm to 100%.

Figure 6.44. (a) Wavelength dispersive X-ray fluorescence spectrometer, (b) Grinding mill with
(c) manually operated clamping device. Tungsten carbide grinding vessel employed had a
capacity of 50 mL. (d) Semiautomatic hydraulic laboratory press.

Both the collimator aperture and the analyzer crystal used determined the energy
resolution and efficiency for each analytical line. Analyses were performed in vacuum
mode to avoid signal losses by air absorption, allowing the detection of low-Z elements
(González-Fernández et al., 2010). The recorded spectra were evaluated by the
fundamental parameters method, using SPECTRAplus software linked to the equipment,
specifically EVA 1.7, a commercial package from Bruker-AXS and Socabim (Bruker
AXS GmbH). A standard-less method was used owing to the lack of satisfactory certified
reference materials with metal concentrations in the same range as the specimens
analyzed in this study. The use of standard-less procedures in the fundamental parameters
method has been described by Rousseau (2001).
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The wavelength dispersive (WD) instrument used in this study was a sequential
spectrometer. This machine scans the radiation emitted by the sample by changing the
angle sequentially, as depicted in Figure 6.45. For different wavelength regions different
analyser crystals must be used to fulfil Bragg's equation. A set of 5 crystals with various
lattice spacings d is properly mounted and can be changed automatically. Each
combination of kV, mA, filter, collimator, crystal, and detector determines every
analytical line. The big advantage of the WD spectrometers is their excellent wavelengthto-energy resolution, especially in the low-energy region, and the high count-rate range
(106 cps per element line) in operation.

Figure 6.45. Layout drawing of a sequential WDXRF spectrometer, characterized by a good
light-element sensitivity, high count rates for great accuracy and short measuring time, good line
resolution, and flexible background determination for reliable trace element analysis.

6.5.4. X-ray diffraction (XRD)
Specimens for X-ray diffraction were air-dried and gently ground by hand with a
mortar and pestle, to avoid peak broadening and amorphousness. Mineral phases were
identified by powder XRD using a Bruker D8 Advance instrument in – mode (Bruker
Corporation, Billerica, MA, USA), with CuK radiation, 40 kV, 30 mA, and a 1dimensional detector with a window of 2º. Primary optics consisted of a 2º Soller slit, a 1
mm incidence slit, and a knife-edge anti-scatter screen attachment to reduce air scatter
which influences the background of the diffraction pattern at lower angles. Secondary
optics included a 3 mm antiscatter slit, a Ni filter, and a 2.5º Soller slit. See Figure 6.46.
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Figure 6.46. (a) X-ray diffraction instrument, with the goniometer (protected by a Faraday shield
to keep the X-ray energy inside) above the voltage.generator; (b) Basic Bragg-Brentano geometry,
where the sample is fixed in the horizontal position, and both the source (on the left) and the
detector (on the right) move locked coupled; (c) Set of tools to perform a backloading preparation;
(d) Fine powder packed in a sample holder.

A sample size of approximately 1 g was used to perform the analysis. Samples were
step-scanned from 5 to 70º in 2θ, with 0.05º stepping intervals, 1 s per step, and a rotation
speed of 30 rpm. Powder samples were mounted in back-loading plastic holders.
Diffraction patterns were evaluated with DIFFRAC.EVA version 4.0 (a commercial
package from Bruker AXS, 2014) and powder diffraction files database PDF4+ (ICDD,
2015).
Powder X-ray diffraction patterns are the fingerprint of all crystalline substances.
The technique is a rapid and powerful tool for identification of all crystalline compounds,
and it is especially valuable in the presence of polymorphs or quasi-isochemical
compounds, where chemical techniques cannot be applied. The data collection time of a
medium-resolution powder diffraction pattern for identification purposes is typically of
20–30 min. Identification of the unknowns in a specimen composed of a few phases is a
straightforward automatic procedure in which the Bragg diffraction peaks in the observed
pattern are matched against the reported powder diffraction patterns of all known
crystalline substances in the powder diffraction file. Advanced computer software is
available for such applications.
If the investigated material is composed of a large number of phases, then the
identification process can be more complicated due to substantial overlap of the Bragg
peaks related to the different phases. Chemical information on the compounds of interest
may in this case help in defining subsets of phases from the database containing particular
chemical elements. Subsets search may be more successful than the search performed on
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the whole database, although it requires prior knowledge of information on the sample
(Artioli, 2000).
As can be seen in Figure 6.47, the powder diffraction pattern contains a lot of
information. Common applications of this instrumentation include the identification of
unknowns, qualitative and quantitative analysis in quality control, characterization of
polycrystalline and epitaxial thin films, quantification of texture and orientation in metals
and polymers, and variable-temperature studies to determine thermal expansion, stability,
and phase diagrams (Settle, 1997)

Figure 6.47. General information content of a powder diffraction pattern (Dinnebier and Billinge,
2008).
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CHAPTER

7

Results

7.1.

RHEOLOGICAL STUDY

Except for Section 7.1.1, the entire rheological study required the vane-and-cup
rotors described in Table 6.1. A circulating water bath and a Peltier system controlled the
sample temperature in the range 0–100 ºC. To avoid evaporation during testing, a solvent
trap covered the dispersion without touching any movable part of the device.
7.1.1. Choosing the suitable sensor
Appendix 1 (Caparrós et al., 2015) embodies an oral presentation devoted to the
comparison of the rheometric limitations of four sensors: DIN, vane, and helicoidal
rotors, and cross-hatched parallel plates. A mineral suspension with a solid loading of
40% (w/w) was dynamically tested, in order to identify the linear viscoelastic region
(LVR) and determine the yield stress, a key parameter to explain the mechanical estability
of the sludge.
Results disclosed the absence of a clear LVR when using cross-hatched parallel
plates. The three types of concentric cylinders were able to record a broad LVR and to
detect a sudden reduction of the elastic modulus, related to the yield stress. Nevertheless,
vane geometry registered the broadest LVR and hence the higher yield-stress values, what
revealed this geometry as the best sensor to avoid wall slip and segregation of the larger
particles to the bottom.
Other authors also showed that vane geometry is the most appropriate device to
determine yield stress in concentrated mineral suspensions. Barnes (2001) asserted that
vane geometries were traditionally used to measure the apparent yield stresses of
inorganic dispersions, but have more recently been used to measure low-strain modulus
and the steady-state flow-curves of structured liquids. Tadros (2010) recommended the
use of vane geometry to avoid wall slip in highly concentrated systems. Bogger (2013)
declared that vane-and-cup results are required in cases where true yield stress is needed,
such as rake design in thickeners and for pump restartup in a pipeline; by contrast, vane
rheometry is not generally suitable for Newtonian low-viscosity fluids.
7.1.2. Sample conditioning
The reproducible behaviour of a dispersion arises when the system is in steady state
(Mazzeo, 2012). But how to determine the stability degree of the material? An oscillatory
time sweep is a simple test to determine time-dependant structural effects. In the present
study, sample conditioning always included a pre-shear step at a controlled shear rate of
100 1/s for 30 s, in order to erase differences in the way the suspension enters the cup.
Figures 7.1 and 7.3 display the oscillatory-time-sweep curves when applying a
constant oscillation stress of 0.1 Pa at a frequency of 1 Hz. This stress value came from
the middle of the linear viscoelastic region (LVR) of the involved materials, previously
established. Both curves show a rebuilding process of the structure in the first 120 s, not
only for the silty-loam texture (sample P9, Figure 7.1), but also for the sand texture
(sample W10, Figure 7.3). The fineness of the particle size distribution (PSD) contributes
to the smoothness of the curve, because the presence of millimeter-size particles jam a
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Figure 7.1. Oscillatory time sweep applying a constant oscillation stress of 0.1 Pa at a frequency
of 1 Hz. Sample tested was a 50% w/w suspension of the P9 specimen.

Figure 7.2. Oscillatory stress sweep from an oscillation stress of 0.1 Pa at a frequency of 1 Hz.
Sample tested was a 50% w/w suspension of the P9 specimen.
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narrow-gap geometry (1 mm). Elastic modulus (G') appears on the y-axis and step time
on the x-axis.
After pre-shear step, while performing the oscillatory time sweep, settling caused by
the gravitational force increases the interactions among neighbouring particles. For a limit
situation in which all particles settled in a 50% w/w suspension, given a height H of the
immersed vanes, the settled particles would reach 0.24·H.
Figures 7.2 and 7.4 exhibit the influence of the previous equilibration step on the
oscillatory stress sweep that further characterize the suspension. In the absence of
equilibration, the materials begin to form a structure, increasing the elastic modulus,
drawing a shorter LVR, and finally yielding. After equilibration, curves start with a steady
LVR at low applied stresses, indicating an unchanging structure. Note that red curves
start higher than the corresponding elastic moduli close to 0 s (>29 Pa for P9 and >110
Pa for W10) and blue curves initiate at similar elastic moduli than the equilibration curves
finish (165 Pa for P9 and 3645 Pa for W10). Leaching of dissolved solid were the
responsible for the divergences at 0 s between corresponding black and red curves. The
sequence of the tests was red-black-blue, and the gradual dissolution of solids caused a
slight breakdown of the structure.
The high electrical conductivity of the dispersant and the presence of acid-generating
minerals—such as hydrated sulfates, iron hydroxisulfates, and iron oxyhydroxides—
causes a structural metastability of these suspensions. Once the post-flotation waste and
water were mixed in the target proportion, 29 mL of the resulting suspension was orbitally
shaken at room temperature for 24 hours. This period was considered convenient to
stabilize the ionic strength of the suspension, whose drift would highly affect the
rheological behaviour of the sample. After the leaching period had elapsed, pH and
electrical conductivity (EC) of the suspension were measured.
As a result, an equilibration of 300 s is time enough to avoid the underestimation of
the mechanical properties of the suspensions, no matter the PSD of the specimens. In
short, a) an orbital shaking, b) a pre-shear step at a controlled shear rate of 100 1/s for 30
s, followed by c) an equilibration of 300 s applying a constant oscillation stress of 0.1 Pa
at a frequency of 1 Hz, are the three necessary steps to ensure truthful—and higher—
elastic moduli and yield stress values.
7.1.3. Standard- versus wide-gap vane sensor
The following is a detailed comparison of the response of both vaned rotors across
the different tests performed over the same 50 wt.% suspension of the P9 specimen. The
rheometric procedures were fully explained in Section 6.1. As seen in Figure 7.5, due to
their different dimensions, geometric constants, and lateral gap, it is expected an unlike
rheological pattern for both situations.
7.1.3.1. Flow measurements
A summary of the flow patterns found for each rotor is featured below:
—Peak hold test
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Figure 7.3. Oscillatory time sweep applying a constant oscillation stress of 0.1 Pa at a frequency
of 1 Hz. Sample tested was a 50% w/w suspension of the W10 specimen.

Figure 7.4. Oscillatory stress sweep from an oscillation stress of 0.1 Pa at a frequency of 1 Hz.
Sample tested was a 50% w/w suspension of the W10 specimen.
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Figure 7.5. Standard- (on the left) and
wide-gap vane (on the right) sensors
used throughout the study.

Before registering the variation
of shear stress with time, according
to Section 6.1.3.3.1, Figure 7.6
explores the linear viscoelastic
region (LVR), above which shear
rate is too high to let the torque
increases. As a consequence of the
smaller cylindrical shearing surface
described by the wide-gap rotor [15
(Diameter D) · 38 (Heigth H) = 570
mm2, against 28·42 = 1176 mm2 of
the narrow-gap rotor], the tool
applies less force to rotate and
eventually yield the material. This
is the reason why the LVR
shortened and a nuch lower shear
rate should be selected. The choice
was 0.005 1/s.
As chosen shear rate was onetwentieth of the shear rate selected
for a standard-gap vane, the
yielding point delayed, maximum
was not so clear, and a lower shear
stress was needed for the material
yielded. In consequence, for a widegap vane the overshooting stress was one-fifth of the stress needed for the material
overshooted in a standard-gap vane (see Figure 7.7).
Regarding the reproducibility over five replicates, the test provided a similar
precision in both situations: 0.566 ± 0.004 Pa (0.72% RSD) for a wide-gap vane rotor,
and 2.517 ± 0.011 Pa (0.42% RSD) in a standard-gap one.
—Continuous stress sweep
This comparison is based on the procedure described in Section 6.1.3.3.2.1, where
an increasing stress ramp is applied to the sample while strain is registered. Although the
material yielded at lower deformations—differing in one order of magnitude—using a
wide-gap sensor, the yield stress value slightly diminished. Consequently, as show in
Figure 7.8, the dynamic shear viscosity (relation between the applied stress and the shear
strain rate) increased in one order of magnitude.
Regarding the reproducibility over five replicates, the test provided a similar
precision in both situations: 2.03 ± 0.02 Pa (1.08% RSD) for a wide-gap vane rotor, and
2.36 ± 0.04 Pa (1.49% RSD) in a standard-gap one.
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Figure 7.6. Continuous ramp tests of a 50% w/w suspension of the P9 specimen, using both tools.
At 0.1 1/s the sample yielded with a narrow-gap geometry, and 0.005 1/s were enough to break
the structure with a wide-gap geometry. Sample was conditioned, but not equilibrated in both
experiments.

—Continuous rate sweep
This result embodies the method described in Section 6.1.3.3.2.2, where an
increasing rate ramp is applied to the sample while stress is registered. At rates higher
than 70 1/s, a deviation occurs in the wide-gap curve displayed in Figure 7.9a, what
suggests the transition from an azimuthal Couette flow to a Taylor-vortex flow, that is,
from a laminar flow regime to a secondary flow (Crawford et al., 2016).
Table 7.1 shows a better response of the wide-gap vane sensor at low rates (0.08–70
1/s), with RSD values clearly lower for all the fitting parameters. Similarly, the
parameters of the viscosity-rate model exhibited a better precision for the wide-gap case
(with the exception of n). Figure 7.9b illustrates an agreement of both curves in the central
zone of the graph. On the one hand, the wide-gap curve provided higher residual
viscosities 0 and a smoother curve at lower rates. On the other hand, the wide-gap curve
deviated from the laminar flow regime, being more reliable the standard-gap vane sensor.
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Figure 7.7. Variation of shear stress with time, applying a constant low shear rate of 0.1 1/s for a
narrow-gap vane, and 0.005 1/s for a wide-gap vane. Sample tested was a 50% w/w suspension
of the P9 specimen.

Figure 7.8. Continuous stress sweep of a 50% w/w suspension of the P9 specimen. Triangles
refer to the standard-gap vane rotor and squares correspond to the wide-gap vane rotor.
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Table 7.1. Repeatability study of the continuous rate sweep tested with a wide-gap vane sensor,
including the parameters of both stress–rate (evaluated in the range 0.08–70 1/s) and viscosity–
rate (evaluated in the range 10–3–70 1/s) fitting models.
Test

1

2

3

4

5 Average

S.D. RSD (%)

Stress–rate model (Herschel-Bulkley)
σy (Pa)
k (Pa·s)
n
R

2

1.71

1.72

1.73

1.75

1.75

1.73

0.02

1.03

–1

–1

–1

–1

–1

–1

2.28·10

–3

1.85

0.84 4.47·10

–3

0.53

1.23·10

1.25·10

1.26·10

1.22·10

1.20·10

1.23·10

0.84

0.84

0.84

0.84

0.85

0.9971

0.9974

0.9976

0.9973

0.9968

—

—

—

Viscosity–rate model (Carreau-Yasuda)
η0 (Pa·s)

671.37

667.80

672.21

685.81

689.40

677.32

9.61

1.42

–2

–2

–2

–2

–2

–2

–4

0.79

η∞ (Pa·s) 6.20·10
k (s)
a
R

2

6.21·10

6.25·10

6.31·10

6.23·10

4.92·10

444.20

436.20

433.74

440.13

440.44

438.94

4.06

0.92

–2

–2

–2

–2

–2

–2

0.08

128.09

2.78·10

n

6.19·10
2.71·10

2.64·10

2.61·10

2.57·10

6.26·10

6.73

6.59

6.72

6.82

6.52

6.68

0.12

1.79

0.9999

0.9999

0.9999

0.9999

0.9999

—

—

—

—Steady-state stress sweep
A similarity study was performed attending to the method outlined in Section
6.1.3.3.3.1, where stress was incrementally stepped from a minimum value up to the
material started to flow. Figure 7.10 shows that the material yielded at lower shear stress
in a wide-gap vane tool.
Regarding the reproducibility over five replicates, the test provided an analogous
precision in both situations: 1.574 ± 0.004 Pa (0.24% RSD) for a wide-gap vane rotor,
and 2.44 ± 0.01 Pa (0.34% RSD) in a standard-gap one.
—Steady-state rate sweep
This result made use of the method described in Section 6.1.3.3.3.2, where a rate
ramp is stepped down logarithmically from high to low values, averaging the yield point
over the plateau region where the shear stress is independent of rate. Figure 7.11 shows
the best response at lower rates in the wide-gap stress curve, with a higher and smoother
plateau. Viscosity curve is a straighter line, only deviated at higher rates (> 70 1/s), in the
wide-gap case.
Regarding the reproducibility over five replicates, the test provided a better precision
for the wide-gap vane rotor, that is, 1.60 ± 0.03 Pa (0.58% RSD) versus 1.30 ± 0.04 Pa
(2.87% RSD) in a standard-gap one. Only the final seven points of the plateau were
averaged in both cases.
7.1.3.2. Transient tests
The following is a comparison of the instantaneous responses of the P9 suspension
as a function of time, for each vane rotor:
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Figure 7.9. Flow curves recorded by a continuous rate sweep of a 50% w/w suspension of the P9
specimen, comparing the response of standard- and wide-gap vane rotors. (a) Shear stress–shear
rate relationships. (b) Viscosity–shear rate curves.
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Figure 7.10. Flow curves recorded by a steady-state stress sweep of a 50% w/w suspension of the
P9 specimen. The material yielded at lower shear stress in a wide-gap vane rotor.

Figure 7.11. Flow curves recorded by a steady-step rate sweep over a 50% w/w suspension of the
P9 specimen. The set of curves with a slope of –1 refers to the apparent viscosity (left ordinate
axis) and the other set of curves corresponds to shear stress (right ordinate axis). Triangles refer
to the standard-gap vane rotor and squares correspond to the wide-gap vane rotor.
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—Creep and recovery
This result embodies the method described in Section 6.1.3.4.1.2 using a wide-gap
vane rotor, where the material is subjected to an increasing constant stress, later released
in the corresponding recovery period. The sample was pre-sheared and equilibrated
before every creep step.
Table 7.2 summarizes the poor creep-recovery results found through the viscoelastic
range studied (0.3–3.0 Pa), assessed with a 2-element approach of a discrete retardation
time spectrum:








Deformation changes were only relevant in the first creep-recovery cycle (one
order of magnitude lower than the standard-gap case, showed in Table 6.7).
In particular, at 0.8 and 1.0 Pa were so small that creep steps could not be
evaluated.
Both initial and final deformations in the recovery steps increased with
applied stress
Equilibrium recoverable compliance in general rised with applied stress
Residual or zero-shear viscosity decreased with applied stress (where it was
possible to determine it). After the yield stress, it diminished five orders of
magnitude.
After the yield point, spectral compliance strongly decreased.

For some reason, these results suggest that a pre-shear and equilibration of the
material before every creep-recovery period is not convenient for the wide-gap vane rotor
performance.
Table 7.3 shows a reproducibility study of the creep-recovery test at 1 Pa. Only the
parameters corresponding to the recovery steps appear, because creep steps could not be
evaluated at 1 Pa (see Table 7.2). As explained in Section 6.1.3.4.1.3, the 12 repetitions
were performed without unloading the sample, running a conditioning and equilibration
steps at the beginning of the sequence. Time-dependent effects were lower than the
standard-gap vane case, what caused a decreasing of RSD values. In contrast to Table 6.8,
deformation values were listed in increasing format, because there was an evolution of
the control software in the meantime (the former sequence was executed with TA
Instruments Advantage Version 5.0.1., and the latter was designed with Trios Version
4.0.1.). Finally, decreasing of the equilibrium recoverable compliance along the 12 runs
implies that the material was becoming stiffer.
—Series of creep and recovery
Following the instructions refered in Section 6.1.3.4.1.4, a wide-gap vane sensor was
used to determine the yield stress of the material in the range 0.3–1.9 Pa. As shown in
Figure 7.12, the yield stress appeared between 1.5 (the last cycle with a recovery step)
and 1.7 Pa (the first cycle with no recovery step). This value was close to the yield stress
found in the continuous rate sweep test.
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Recovery

3.0 Creep

Recovery

2.0 Creep

Recovery

1.0 Creep

Recovery

0.8 Creep

Recovery

0.5 Creep

Recovery

0.3 Creep

Applied stress (Pa) Step

—

0.142

—

—

—

—

—

—

0–118.45

—

0–118.45

—

—

—

—

—

—

—

—

0.58–118.45 1102285 1102283

—

0.48–116.35 734342 734340

—

—

—

—

—

—

—

—

—

—

—

—

—

0.25

6505.70 7.16·10–2 1.00·10–6 1.00·10–6

—

—

—

0.25

—

0.18 1.00·10–6 1.00·10–6

—

3.41

—

2.76

—

— 2.50·10–3 7.19·10–3

—

— 2.45·10–3 7.52·10–3

—

—

—

7349.26

2.00 5.38·10–3

—

2.50 4.57·10–3

—

—

— 2.30·10–3 1.16·10–2

2.00 4.85·10–3

7.36

11.15

7158.27 1.00·10–6 1.00·10–6

7335.41

—

5.29

— 1.86·10–3 1.27·10–2

1.42 4.10·10–3

3.39

17602.1 1.75·10–3 6.05·10–3

λ1 (s)

— 4.56·10–3

γe (%) Je0 (1/Pa) J0 (1/Pa) 0 (Pa·s) J1 (1/Pa) J2 (1/Pa)

1.32–112.16 366772 366771

—

0.569

1.45–118.45
1.05–118.45

—

γu (%)

1.13–118.45

Step-time range (ts, s)

—

0.25

—

0.25

50.33

—

52.35

—

137.20

11.15

116.84

29.96

λ2 (s)

—

0.803

—

0.842

0.991

—

0.987

—

0.991

0.475

0.424

1.000

R2

Table 7.2. 2-Elements creep-recovery parameters for the fitting of mechanical model to experimental data sets. From left to right, applied stress in the creep
step, type of step, step-time range fitted (ts), initial deformation in the recovery step (γu), final deformation in the recovery step (γe), equilibrium recoverable
compliance (Je0), instantaneous compliance (J0), zero-shear viscosity (0), spectral compliance (Jk), spectral retardation time (λk), and Pearson correlation
coefficient (R2). The P9 50 wt.% suspension was tested with a wide-gap vane rotor.

Table 7.3. Repeatability study of the creep-recovery test at 1 Pa, performed with a wide-gap vane
rotor over the P9 50 wt.% suspension. From left to right: initial deformation in the recovery step
(γu), final deformation in the recovery step (γe), and equilibrium recoverable compliance (Je0).
Run
1
2
3
4
5
6
7
8
9
10
11
12
Average
S.D.
RSD (%)

γu (%)
9.35
10.70
11.35
11.80
12.12
12.40
12.63
12.83
13.01
13.17
13.31
13.45
12.18
1.22
9.99

γe (%)
7.77
9.42
10.25
10.79
11.19
11.53
11.81
12.04
12.25
12.45
12.63
12.78
11.24
1.49
13.24

Je0 (1/Pa)
1.58
1.28
1.10
1.01
0.93
0.87
0.82
0.79
0.76
0.72
0.68
0.67
0.93
0.27
29.20

Figure 7.12. Series of creep tests to determine the yield point with a wide-gap vane rotor. The
material is a 50% w/w suspension of the P9 specimen at a stress range of 0.3–1.9 Pa. The yield
stress appeared between 1.5 (the last cycle with a recovery step) and 1.7 Pa (the first cycle with
no recovery step).
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—Stress relaxation
According to the procedure explained in Section 6.1.3.4.2.1., a step shear strain—
usually taken in the linear region—is applied to the sample and the stress response of the
material is registered as a decreasing function of time. Stress normalised to the
deformation is called the relaxation modulus G(t).
At this point, although the linear viscoelastic region (LVR) of this suspension in
particular, tested in the wide-gap vane system, was not researched, Figure 7.13 illustrates
a better relaxation response for the wide-gap case, with a shorter point-cloud region and
similar response times.
Once determined the linear region in an oscillatory strain sweep test (see Figure 7.14
in the next section), a strain of 0.05% appeared to be more suitable when testing a
relaxation experiment in a wide-gap vaned rotor, because 0.1% is slightly outside the
linear region. This is the reason why the commanded strain was achieved only in the first
experiment of the series shown in Table 7.4. In the second and subsequent tests, strain
exceeded more and more the target value of 0.1%. Anyway, it is possible to overcome
this obstacle by loading a fresh sample at every run. Summing up, the usage of a widegap vane rotor at the right target strain—and with the correct pre-treatment—may be
helpful in a broader concentration range of the suspensions. According to previous results,
parallel-plate geometry tests could only be described with a discrete relaxation time
spectrum at high concentrations—around 70%—that is, only when modulus drew a
concave curve (on a logarithmic scale).

Figure 7.13. Comparison of the stress relaxation behaviour with both standard- (black curve) and
wide-gap (blue curve) vane geometries. Both curves were performed at 0.1% strain on a 50% w/w
suspension of the P9 specimen.
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Table 7.4. Repeatability study of the stress relaxation test over a 50% w/w suspension of the P9
specimen at an applied deformation of 0.1%, including some parameters of the 2-element fitting
model. A wide-gap vane geometry was used to perform the tests. From left to right: step-time
range fitted (ts), response time to achieve the commanded strain at a minimum 5% tolerance, strain
achieved at the end of the experiment, spectral modulus (Gi), spectral relaxation time (τi),
equilibrium modulus (Ge), and Pearson correlation coefficient (R2).
Test
1

Step-time range Response
Strain
G (Pa) τ1 (s) G2 (Pa) τ2 (s) Ge (Pa)
R2
(ts, s) time (s) achieved (%) 1
24–287
0.01
0.10
64
77
0 2873
7.57 0.982

2

—

> 300

0.19

—

—

—

—

—

—

3

—

> 300

0.26

—

—

—

—

—

—

4

—

> 300

0.31

—

—

—

—

—

—

5

—

> 300

0.36

—

—

—

—

—

—

7.1.3.3. Oscillatory shear measurements
The following is a comparison of the response of the P9 suspension to different
oscillatory shear measurements, for each vane rotor:
—Strain sweep
A similarity study was performed attending to the instructions refered in Section
6.1.3.5.1.1. Again, a wide-gap vane sensor was used to determine G′, G″, and δ as a
function of strain amplitude, in the same oscillation strain range. Figure 7.14 shows that
the material yielded at a lower oscillation strain in the wide-gap vaned tool, revealing a
shorter linear viscoelastic region.
Figure
7.14.
Oscillation strain
sweep of a 50%
w/w suspension of
the P9 specimen.
Triangles refer to
the standard-gap
vane rotor and
squares correspond
to the wide-gap
vane rotor.
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To conclude, Table 7.5 shows a repeatability study of the oscillation strain sweep
test, without unloading the sample between consecutive tests. Averaging every set of 5
values in each interpretation procedure, both melting γm and critical strain γc methods
provided a better precision for a wide-gap vane rotor. Yield stress was half that of the
standard-gap vane case, with a RSD < 5%.
Table 7.5. Repeatability study of the oscillation strain sweep, performed with a wide-gap vane
rotor. The yield points were determined by onset and crossover methods. Yield stress came from
Equation 6.29.
Onset point
Crossover modulus
(x,y) = [γc (%), G′ (Pa)] (x,y) = [γm (%), G′ = G″ (Pa)]

Test

δc (º)

σy (Pa)

1

(0.493, 86.06)

(2.66, 9.85)

14.89

0.44

2

(0.453, 82.68)

(2.60, 9.95)

14.74

0.39

3

(0.457, 86.24)

(2.58, 10.01)

14.38

0.41

4

(0.447, 87.00)

(2.55, 10.12)

14.50

0.40

5

(0.463, 86.30)

(2.57, 10.01)

14.54

0.41

(0.46, 85.66)

(2.59, 9.99)

14.61

0.41

S.D.

(0.02, 1.70)

(0.04, 0.10)

0.20

0.02

RSD (%)

(3.86, 1.99)

(1.62, 0.99)

1.39

4.61

Average

—Stress sweep
According to the instructions refered in Section 6.1.3.5.1.2, a wide-gap vane sensor
was used to determine G′, G″, and δ as a function of stress amplitude, in the same
oscillation stress range. Figure 7.15 shows that the material yielded at a lower oscillation
stress in the wide-gap vaned tool, revealing a shorter linear viscoelastic region. At an
oscillation stress higher than 1 Pa, the possible formation of a secondary flow distorted
the graph (oscillation strain rate > 1.12 1/s). In this scenary, crossover modulus
calculation is not meaningful.
Table 7.6 shows a repeatability study of the oscillation stress sweep test, without
unloading the sample between consecutive tests. Averaging every set of 5 values, onset
method provided a similar precision for a wide-gap vane rotor. Yield stress was one third
that of the standard-gap vane case, with a RSD < 6%.
—Frequency sweep
Following the procedure described in Section 6.1.3.5.2.2., a wide-gap vane rotor was
used to determine the viscoelastic spectrum of the material, at the same strain of 0.1%
and identical frequency range. Figure 7.16 shows that the minimum crossover frequency
hardly appeared in the wide-gap case. When it occurred, its value was shifted to lower
frequencies. Conversely, maximum crossover frequency and Deborah number were
similar in both vaned rotors.
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Figure 7.15. Oscillation stress sweep of a 50% w/w suspension of the P9 specimen. Triangles
refer to the standard-gap vane rotor and squares correspond to the wide-gap vane rotor.

Table 7.6. Repeatability study of the oscillation stress sweep, performed with a wide-gap vane
rotor. The yield points were determined by the onset method. Crossover method was not helpful
in this case, by the presence of artifacts at higher stress.
Test

Onset point
(x,y) = [σ (Pa), G′ (Pa)]

1

(0.335, 575.30)

2

(0.333, 555.74)

3

(0.339, 571.95)

4

(0.341, 570.15)

5

(0.382, 556.90)

Average

(0.346, 566.01)

S.D.

(0.04, 9.04)

RSD (%)

(5.89, 1.60)
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Figure 7.16. Oscillation frequency sweep of a 50% w/w suspension of the P9 specimen. Triangles
refer to the standard-gap vane rotor and squares correspond to the wide-gap vane rotor.

Due to 0.1% is in the limiting linear region of the suspension, the stiffness decreased
at every run of the repeatability study, what affected the plateau modulus Gp, diminishing
its value (Table 7.7). Regarding precision, standard-gap vane rotor exhibited better
reproducibility results, with the exception of the plateau modulus.
—Temperature ramp
This result embodies the method described in Section 6.1.3.5.3., where the
suspension was alternatively heated and cooled at a rate of 1 ºC/min in the range 2–40 ºC,
at a frequency of 1 Hz and a strain of 0.1%. The tests were done using a wide-gap vane
rotor.
The thermal response of the material with this wide-gap vaned rotor proved to be
similar to that of the standard-gap vane case, as shown in Figure 7.17. All curves exhibited
a building-up behaviour due to thixotropic effects, showing a reversible pattern at every
heating/cooling cycle.

7.1.3.4. Overview of the results
According to Boger (2013), end effects in a vane device are minimized as far as the
ratio H / D increases, where H is the height of the vane and D is its diameter. The narrowgap system is 42 / 28 = 1.5 and the wide-gap is 38 / 15 = 2.5, what makes the latter
geometry an interesting option for assessing yield-stress behaviour.
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Table 7.7. Repeatability study of the oscillation frequency sweep test at 0.1% strain, including
some key parameters deduced from the curves. From left to right: minimum crossover frequency
(fmim), maximum crossover frequency (fmax), minimum of the function G″/G′ (tan δ), longest
relaxation time (τmax), high-frequency relaxation time (τmin), time of the experiment (te), Deborah
number (De), and plateau modulus (Gp). Tests were performed with a wide-gap vane rotor.
Run

fmin (Hz) fmax (Hz) tan δ (—)

1

—

2

1.43·10

–3

1.18·10

–3

3

20.31
23.56
56.81

0.1710
0.1732
0.1738

τmax (s)

τmin (s)

te (s)

De (—)

Gp (Pa)

—

4.92·10–2

—

—

300.89

699.30

4.24·10

–2

11539

6.06·10

–2

282.13

1.76·10

–2

12405

6.83·10

–2

270.37

4.27·10

–2

—

—

257.70

5.18·10

–2

9323

6.83·10

–2

256.03

4.08·10

–2

6.57·10

–2

273.42

1.36·10

–2

4.45·10

–3

18.64

6.77

6.82

847.46

4

—

5

1.57·10

–3

Average 1.39·10

–3

S.D.

–4

15.84

0.0025

108.13

14.18

55.22

1.46

14.86

RSD (%)

1.98·10

23.41
19.31
28.68

0.1757
0.1777
0.1743

—
636.94
727.90

11089
1590

33.29 14.33

Figure 7.17. Oscillation temperature sweeps of a 50% w/w suspension of the P9 specimen,
showing the temperature-increase and temperature-decrease curves. The instrument—fitted with
a wide-gap vane rotor—is requested to scan the temperature in the range 2–40 ºC and 40–2 ºC.

The main advantage of using the wide-gap vane rotor is the possibility of studying
suspensions with a wider particle size distribution (PSD). As a rule of thumb, the
geometry gap should be around 5–10 times larger than the largest particles, in order to
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avoid the distorsion of the true shear viscosity by the walls between the material is flowing
(Barnes, 2000). Within this perspective, it is desirable that the largest particles are 100–
200 µm for the standard-gap vane rotor, and 750–1500 µm for the wide-gap vane case.
The second option allows us to study the post-flotation wastes without excluding material
by sieving.
Table 7.8 summarizes the comparative study of the response to both vaned sensors,
described thoughout Sections 7.1.3.1–7.1.3.3. Because of the practical limitations of the
standard-gap vane sensor to wider PSD, a suspension of P9 specimen at 50 wt.% was
chosen to compare both rheometric situations.
Excluding the poor results obtained in the peak hold test for the wide-gap vane
sensor, in both geometries the slurries reached the critical point at lower stress in dynamic
than in flow conditions. Regarding the wide-gap sensor, it is also worth noting that:
—Continuous stress sweep tests provided the highest yield-stress values, close to the
results found for the standard-gap vaned rotor.
—Continuous rate sweep tests seemed to deliver more precise results at low rates,
achieving more realistic values of the shear-thinning parameters.
—Both steady-state sweep tests achieved similar outcomes
—Series of creep and recovery tests gave acceptable results
—Stress relaxation tests provided surprisingly good results
—Strain sweep tests were more precise and detected a shorter linear viscoelastic
region
—Stress sweep tests presented a strong artifact after yielding
—Temperature ramp tests showed the same response in both sensors
7.1.4. Shear-thinning behaviour
The apparent viscosity of non-Newtonian mineral slurries exposed to an increasing
shear rate may either decrease (shear-thinning response) or increase (shear-thickening
response). Most concentrated mineral suspensions exhibit a shear-thinning pattern.
Dilatency is usually related to irregularly shaped particles in certain concentration or
shear-rate ranges.
According to Section 6.1.3.3.2.2, a series of continuous rate sweep experiment was
performed on each specimen (n = 6). A central value of 60% w/w was chosen to prepare
the slurry (see Section 5.3). Table 7.9 summarizes the parameters resulting from applying
the best fitting model in each case. A wide-gap vaned rotor was used to perform the tests.
Regarding the stress-rate rheograms, the Herschel-Bulkley model has been proven to
fit the response of a large number of slurries (Halbom, 2008). This approach is a yield
power law model, with three parameters, physically inconsistent units, able to fit the
shear-thinning / shear-thickening response, and increasingly used for engineering
purposes. As n < 1 for most of suspensions, they can be considered as shear-thinning
fluids in the ranges studied, with averagely lower values for the sand-dyke Wi slurries.
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Furthermore, Figure 7.18 exhibited a negative correlation between σy and n for the trialpit profile Pi samples, and a poor positive correlation for the specimens from the failure
surface.
Table 7.8. Comparative review of the standard- and wide-gap vaned rotors for the rheological
study of concentrated suspensions: performance, advantages and drawbacks. The available
information derived from the rheometric trials tested over a 50% suspension of the P9 specimen.
Test
Flow
Peak hold

Standard gap

Continuous rate sweep

 2.31 ± 0.23 Pa of yield stress
 1.01 ± 0.06 of rate index
 283 ± 53 Pa·s of of zero-rate
viscosity
 Noisy response at the lowest
rates

 Good results at 0.1 1/s
 2.52 ± 0.01 Pa of overshoot
stress
Continuous stress sweep  2.36 ± 0.04 Pa of yield stress

Steady-state stress sweep  2.44 ± 0.01 Pa of yield stress
Steady-state rate sweep  1.30 ± 0.04 Pa of yield stress
Transient
Creep and recovery

Wide gap
 Poor results at 0.005 1/s
 0.566 ± 0.004 Pa of overshoot
stress
 2.03 ± 0.02 Pa of yield stress
 The material yielded at one
order of magnitude lower
deformation
 1.73 ± 0.02 Pa of yield stress
 0.840 ± 0.004 of rate index
 677 ± 10 Pa·s of of zero-rate
viscosity
 Vortex at rates > 70 1/s,
appearing a shear-thickening
artifact.
 1.574 ± 0.004 Pa of yield stress
 1.60 ± 0.03 Pa of yield stress
 Higher and smoother plateau

 2.7–2.9 Pa of yield stress
 The usefulness of this geometry
is unclear

 1.7–1.9 Pa of yield stress
 Poor results, which may be
possibly improved doing a
different sample conditioning.

 Geometry not suitable to fix the
applied strain

 Good results at an applied strain
of 0.1%

 1.03 ± 0.16 % of critical strain
 8.04 ± 0.17 % of melting strain
 0.99 ± 0.13 Pa of yield stress

 0.46 ± 0.02 % of critical strain
 2.59 ± 0.04 % of melting strain
 0.41 ± 0.02 Pa of yield stress

Stress sweep

 0.86 ± 0.04 Pa of yield stress
 1.06 ± 0.04 Pa of crossover
modulus

 0.35 ± 0.04 Pa of yield stress
 Secondary flow distorted the
crossover modulus

Frequency sweep

 Rising plateau modulus
 Better reproducibility

 Declining plateau modulus
 Different response at the
minimum crossover frequencies

Temperature ramp

 Building-up behaviour
 Reversible pattern

 Building-up behaviour
 Reversible pattern

Stress relaxation
Dynamic
Strain sweep
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Conversely, the best-fit flow for the viscosity-rate curves was the Carreau-Yasuda
model, characterized by its five parameters, physically consistent units, able to fit the
shear-thinning flow, unable to compute the yield stress, and with a scarce use in
engineering. Their parameters are not easy to determine because of the irregular curves
of the slurries with high D90. Besides, infinite-rate viscosity values η∞ are not realistic due
to the short shear-rate range data available. Only zero-rate viscosity values η0 may be
helpful.
Table 7.9. Assessment of the continuous rate-sweep tests (n = 6), performed with a wide-gap vane
sensor, including the parameters of both stress-rate (evaluated in the approximate range 0.1–50
1/s) and viscosity-rate (evaluated in the general range 2·10–3–10 1/s). Specimens are 60% w/w
suspensions of the samples collected in the pit (P1–P9) and the sand dykes (W1–W13) located
in El Descargador, Peña del Águila (PA, fine fraction of the deposit), and Peraleja (PE, overall
fraction of sand dyke) tailings dams.
Stress-rate model (Herschel-Bulkley)
Sample
P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

σy (Pa)

k (Pa.s)

8.59
4.50
0.66
1.63
14.64
1.72
1.85
4.89
8.32
43.75
23.08
40.11
64.35
79.86
53.20
16.54
23.30
70.19
10.49
35.83
13.42
14.03
29.72
7.53

2.52
0.28
0.13
0.12
25.56
0.13
0.98
0.36
1.36
5.96
2.07
1.14
0.38
79.87
3.84
3.28
1.64
13.73
3.45
2.86
1.21
2.31
0.49
2.65

n
0.53
0.76
0.87
0.90
0.37
0.88
0.80
0.67
0.52
0.24
0.46
0.74
0.97
1.10
0.66
0.65
0.69
0.83
0.58
0.61
0.67
0.62
0.61
0.52

Viscosity-rate model (Carreau-Yasuda)
η0 (Pa.s) η∞ (Pa.s)
5486.32
1398.40
423.34
853.53
5834.87
525.43
492.35
1155.27
2383.31
1596.04
1428.36
1655.51
1692.23
1800.10
1498.29
3007.99
10424.53
2091.27
9587.26
12338.93
3763.79
3623.62
4282.78
10650.38

8.19
0.16
0.41
0.42
39.60
0.34
1.81
0.20
0.33
13.78
8.23
9.85
14.13
25.76
31.79
3.04
1.34
24.79
9.81
1.85
0.78
1.13
1.22
3.69

k (s)

n

a

79.16
260.07
149.10
283.54
97.75
239.12
127.65
232.22
304.97
73.07
102.25
115.14
98.57
89.52
83.01
216.63
313.57
87.77
26.26
227.52
209.14
217.99
89.33
154.52

–0.63
–0.03
–0.39
–0.14
–0.36
–0.07
–0.19
0.00
0.03
–0.37
–0.17
–0.21
0.08
–0.26
–0.30
–0.14
–0.06
–0.21
–1.46
–0.07
–0.05
–0.02
–0.15
–0.51

1.28
4.31
0.91
1.38
2.42
1.87
1.83
2.96
5.83
1.57
2.54
1.97
2.41
2.98
85.90
1.59
2.14
2.28
0.53
2.12
2.43
2.68
0.84
0.57

Figure 7.19 illustrates the different flow situations one can find, depending on the
slurry texture. P9 has a D90 of 20 µm and W3 lies near the recommended limits of the
vane gap (750 µm, and D90 is 747 µm for this sample). P9 curves are smoother in both
plots. Stress-rate graph shows a higher yield stress and shear-thinning response for W3 at
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low shear rates. Both viscosity-rate curves decreased four orders of magnitude over the
entire range of shear rate.

Figure 7.18. Relationship between yield stress and shear-thinning response for the Pi and Wi
specimens from El Descargador tailings dam, after a series of continuous rate sweep tests (n =
6).

7.1.5. Time-dependent behaviour
The mine slurries under review can be considered thixotropic yield-stress fluids.
Thixotropy involves a continuous and reversible decrease of viscosity with time when
flow is applied to a sample that has been previously at rest. It is also related to the
subsequent recovery of viscosity in time when the flow is discontinued (Mewis and
Wagner, 2009). This review attempts to address the time-dependent behaviour from three
different points of view: hysteresis loops, start-up experiments, and time sweeps.
7.1.5.1. Thixotropic loop
This technique consists of increasing and decreasing the shear rate between zero and
a maximum value. A thixotropic material draws a hysteresis loop when the flow liquefies
the sample at high stresses, and the curve obtained upon decreasing the stress is
significantly below the one obtained while increasing the stress (Moller et al., 2009).
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Figure 7.19. Continuous rate sweeps of 60% w/w suspensions with different fineness: P9 is a
fine-grained material and W3 is a coarse-grained one, coming from El Descargador tailings dam.
(a) Shear stress–shear rate relationships. (b) Viscosity–shear rate curves.
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In the example displayed in Figure 7.20, both samples were pre-sheared at 100 1/s
during 30 s, to reset the previous shear history. After a delay time of 60 s, an equilibration
step of 300 s was applied at a constant oscillation stress of 0.1 Pa and a frequency of 1
Hz, with the aim of rebuilding the material up to a reference state. Shear-rate ramps
ranged 0–100 1/s, with a duration of 120 s per ramp. A linear mode was used to register
1 point/s. Between both flow ramps, a flow peak was hold at 100 1/s during 30 s. A widegap vaned rotor was used to perform the tests.
The model implemented in the analysis software (TA Instruments Trios Version
4.0.1) calculates the thixotropy by computing the area between the stress curves obtained
in an up and down ramp. The thixotropy analysis uses the area under the curve model to
compute the thixotropic index. The normalized thixotropy is defined as the thixotropic
index divided by the maximum rate, the maximum stress and the step time. It is used to
compare results from different experimental conditions (TA Instruments–Waters LLC,
2014).
Sample P9 (Figure 7.20a) displays the typical time-delayed structural breakdown of
the material microstructure under shear. This slurry was a fine-grained (D90 = 20 µm)
unweathered material coming from El Descargador tailings dam. It exhibited a positive
thixotropic index of 102.95 Pa/s and a normalized thixotropy of 3.23·10–4 1/s.
On the other hand, PE was a coarse-grained (D90 = 756 µm) elutriated material
coming from La Peraleja tailings dam (Figure 7.20b). The flow ramp up shaped a stress
overshoot and a subsequent shear-thinning response. In the descending curve prevailed
the settling process of the particles, for which the sedimentation rate overlapps to the time
scale of the ramp. Although the net thixotropic index was negative (antithixotropic
response) due to sedimentation, in the 35–100 1/s range the area between both curves was
positive. In any case, time-dependent response for a material that underwent fluidisation
was clearly higher.
7.1.5.2. Start-up experiment
In these tests the samples are suddenly subjected to a constant low shear rate after
they have been at rest—or pre-sheared at a high shear rate, to reset the shear history, as
was explained in Section 6.1.3.3.1. At the beginning of the tests, the structure buildup
wins over the destruction of it, increasing the viscosity of the sample with time. In case a
critical stress occurs—the overshoot stress σov—the destruction of the microstructure wins
and the viscosity falls with time. This phenomenon is called viscosity bifurcation (Moller
et al., 2009).
Each startup curve shown in Figure 7.21 was recorded after waiting for increasing
resting periods (0, 60, 120, 180, 240, and 300 s). In addition, before each soaking time,
the slurry was pre-sheared at 100 1/s during 30 s. The entire sequence lasted around 48
min per sample.
Regarding sample P9 (Figure 7.21a), the longer the resting time, the overshoot stress
increased and appeared at shorter periods. In this way, for this fine-grained (D90 = 20 µm)
unweathered material, the study revealed a faster structural breakdown of the material
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Figure 7.20. Hysteresis loops of 60% w/w suspensions with different fineness and shear history:
(a) P9 is a fine-grained unweathered material coming from El Descargador tailings dam and (b)
PE is a coarse-grained elutriated material coming from La Peraleja tailings dam.
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Figure 7.21. Start-up experiments of 60% w/w suspensions with different fineness and
geotechnical history, at a constant low shear rate of 0.005 1/s: (a) P9 is a fine-grained unweathered
material coming from El Descargador tailings dam and (b) PE is a coarse-grained elutriated
material coming from La Peraleja tailings dam.
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microstructure as shear ageing increased. Figure 7.22 fingerprints the thixotropic
recovery at rest after shearing (Mewis and Wagner, 2009). A polynomial regression
model fitted the resulting plot.

Figure 7.22. Relationship between overshoot stress and previous rest time for the 60% w/w P9
slurry from El Descargador tailings dam, after a series of startup experiments.

Concerning sample PE (Figure 7.21b), a rise in shear ageing provided an unlimited
increasing in buildup mechanisms of the material microstructure. Thus, no overshoot
stress nor viscosity bifurcation was observed in this time scale. Once again, a longer timedependent response was observed for this coarse-grained (D90 = 756 µm) elutriated
material, which tend to achieve higher residual viscosity.
7.1.5.3. Time sweep
In an oscillation time sweep, the time is the variable. Temperature, frequency, and
strain or stress amplitude are typically held constant throughout the test. This test mode
can be used to study the stability (thermal, mechanical, etc.) or the evolution of materials
with time at constant temperature (TA Instruments–Waters LLC, 2014).
In this study, before performing the oscillation time sweep, the slurry was presheared at 100 1/s during 30 s, in order to erase loading effects. Figure 7.23 displays the
time sweep curves for the samples studied, using a wide-gap vane rotor and a constant
oscillation stress of 0.1 Pa at a frequency of 1 Hz. Although both curves exhibited an
unlimited rebuilding process of the structure, one can use the exponential model
implemented in the analysis software (TA Instruments Trios Version 4.0.1), to calculate
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the characteristic restructuring time τ of the material under the stated conditions. Elastic
modulus G′(t) can be modeled by the equation:
G t

G′

G

G

1

exp

(7.1)

where G′0 is the initial storage modulus (a in the exponential model), G′∞ is the infinite
storage modulus (b in the exponential model), and τ is the characteristic restructuring time
(c in the exponential model). At t = 0, G′(t) = G′0 and when t = ∞, G′(t) = G′∞.
In practice, the model was applied in the same time range (1145–3000 s), an interval
as long as possible, so as to avoid a < 0 in both experimental curves. Calculations were
made over a logarithmic vs. linear plot, although it was convenient to have a look at the
linear vs. linear plot, to properly appreciate the significance of the extrapolated values.

Figure 7.23. Oscillatory time sweeps of 60% w/w suspensions with different fineness and
geotechnical shear history, at a constant oscillation stress of 0.1 Pa and a frequency of 1 Hz. P9
is a fine-grained unweathered material coming from El Descargador tailings dam and PE is a
coarse-grained elutriated material coming from La Peraleja tailings dam.

Comparing both slurries, initial storage modulus (parameter a) of P9 was ten times
higher, infinite storage modulus (parameter b) of PE was twenty times higher, and
characteristic restructuring time (parameter c) of PE almost doubled the P9 value, laying
outside the time scale of the experiment. A similar test was used along this research as an
equilibration step prior to most of the rheological experiments. The current findings were
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consistent with previous results, revealing a longer time-dependent response for the
coarse-grained slurry PE.
7.1.6. Determining yield stress
Given the difficulty in ascertaining yield stress values, as well as the usual occurrence
of the shear-banding phenomenon, many rheologists assume a variation of yield stress of
more than one order of magnitude, depending on the measurement tool and the
experimental procedure used (James et al., 1987).
The topics included in this section address some of the main parameters that are
supposed to have a strong influence on the rheological properties of the slurries subject
of this study and, in particular, on its yield stress.
7.1.6.1. Flow and oscillatory tests
As was explained in Section 6.1, the leading procedures related to yield stress
determination belong to the categories of flow and oscillatory tests. Leaving aside the
debate of whether the slurries are very shear thinning or have a true yield stress (Barnes,
2000), the fact is that one can record a stress value where the system undergoes a critical
deformation.
In this study, the critical stresses obtained by oscillatory shear methods were lower
than those attained by flow procedures (see Table 6.14), what suggests a particular
structural vulnerability of the tailings dams against seismic events.
7.1.6.2. Effect of concentration
A suspension is considered concentrated when the solid volume fraction ϕ > 0.2. At
this point, the system mostly exhibits non-Newtonian flow, ranging from viscous to
viscoelastic to elastic response, depending on the time or frequency of the applied stress
or strain (Tadros, 2010).
Considering the concentrations range shown in Table 5.3, a study of the yield stress
response versus concentration was made over two different series of slurries, coming
from: a fine-grained (D90 = 40 µm) material collected in Peña del Águila tailings dam
(PA) and a coarse-grained (D90 = 756 µm) waste harvested in a sand dyke from La
Peraleja tailings dam (PE).
All the yields stresses were obtained from onset points computed on continuous stress
sweeps, such as the displayed on Figure 6.12. Every point in the PA curve drawn on
Figure 7.24b was built with a standard-gap vane rotor in the range 10–3–75 Pa, and PE
series was made with a wide-gap vane rotor in the range 10–3–102 Pa. Figure 7.8 proved
that stress-sweep results were not so gap-size dependent.
Compared to the variety of mine-tailings yielding data collected by Boger (2013)
(see Figure 7.24a), Pb-Zn post-flotation wastes from the Sierra de Cartagena – La Unión
exhibited exponential curves in a concentration range similar to Cu tailings. This
resemblance may be due to the closeness of both mining industries, based on metal
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sulphides extraction from open-pit mines, and later concentration of them by froth
flotation techniques.
Regarding Figure 7.24b, it is worth noting that:
—For a 65 wt.% concentration, a coarse-grained slurry yielded at a 10% of the stress
of a fine-grained one.
—At a stress of 20 Pa, a coarse-grained slurry may yield being 20% more
concentrated than a fine-grained one.

Figure 7.24. Comparison of the yield-stress response versus concentration: (a) Fine-particle
waste for a variety of mine tailings, determined with an unknown sensor and procedure (Boger,
2013), (b) Pb-Zn post-flotation waste from Peña del Águila tailings dam (PA, fine fraction) and
La Peraleja tailings dam (PE, sand dyke), determined with vaned rotors and continuous stress
sweeps (n = 6).
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—It was a repetability study, in which the same slurry was tested 6 times in
succession, showing a good instrumental precision. A reproducibility study—several
fresh samples tested at the same concentration—would explore textural differencies in
separate specimens of the same sample.
7.1.6.3. Effect of particle size
Size distribution affects the spatial arrangement of the particles. At rest, the
permanent action of Brownian motion causes the particles to be randomly dispersed
throughout the continuous phase. When the dispersion is sheared at a very low velocity
gradient, viscosity is high because the beginning of the co-operative movement that
allows the particles to move along the flow direction competes with the random
distribution. At a higher shear rate, the particles align forming strings and layers along
the flow direction, what decreases viscosity (Barnes, 2000).
For larger particles, Brownian motion is less effective than shear forces, and this is
the reason why shear-thinning response is higher. These effects were already studied in
Section 7.1.4, becoming more complex whilst real slurries are more concentrated (see
Section 7.1.6.2), due to the presence of a wide array of particle-size classes.
7.1.6.4. Effect of particle shape
Keeping constant the phase volume of particles added to a liquid, the shapedependence thickening effect follows the order: rods/fibres > plates > cubes/grains >
spheres (Barnes, 2000). This effect is illustrated in Figure 7.25, where the aspect ratio of
the quasi-1D particles is also a controlling factor in determining the precise effect.

Figure 7.25. Effect of particle shape (Barnes, 2000): On the left, viscosity as a function of phase
volume for various particle shapes. On the right, viscosity as a function of phase volume for
various aspect ratio of fibers.

Curve profiles in Figure 7.25 are similar to the experimental concentration curves
shown in Figure 7.24b. The reason is that relative viscosity ηr (the ratio of the viscosity
of the suspension η and the viscosity of the continuous phase ηs) is directly proportional
to the applied stress. Thus, for the equation y = c·exp (kx), inserted in Figure 7.24b, the
higher the k values, the more irregularity in the particles shape is expected.
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In order to verify the variability of particles shapes—even in the same tailings dam—
a scanning electron microscopy (SEM) observation of wastes coming from El
Descargador exhibited quite different shapes, depending on its degree of weathering and
fluidisation. On the one hand, Figure 7.26a is P9, a fine-grained material from the trialpit profile. This mineralogically unaltered zone kept the original stratification since its
discharge. On the other hand, Figure 7.26b is W11, a coarse-grained material from the
sand dykes. Therefore, it is a wheathered post-flotation waste with a shear history of
fluidisation because of a previous severe mudslide.
Both specimens were collected by wet sieving 0.5 g of wastes between nominal
aperture sizes of 63 and 100 µm (Filtra sieves, Barcelona, Spain), using purified water in
a bottle with a hand-pumped sprayer. Once dried the particles at 60 ºC overnight, they
were gently spread over a copper conductive tape (double-sided adhesive) (Prod. No.
16074, TED Pella Inc., California, USA), sputter coated with platinum during 120 s at 15
mA and 1.8 kV in a SC7640 sputter coater (Quorum Technologies Ltd, Ashford, United
Kingdom), and finally examined under a scanning electron microscope (Hitachi S-3500N,
Japan). It is important to emphasize the irregularity of the P9 unweathered particles and
the surface roughness of the fluidised material W11, which obviously will influence the
complex rheological response of these type of suspensions.

7.1.6.5. Effect of pH
The role of water in aqueous dispersions has to do with the presence of H+ and OH–
ions, products of its dissociation (Langmuir, 1997). Besides, water itself can act as a
solvent and reactant. As pH = –log [H+], it is clear that this parameter controls most
geochemical reactions, such as:
—Acid-base equilibria, including hydrolysis and polymerization.
—Adsorption equilibria, because protons compete with cations and hydroxyl ions
compete with anions for adsorption sites. The surface charge of most minerals is also pH
dependent.
—Metal-ligand complexation, since protons compete with metal ions to bond with weakacid anions, and hydroxyl ions compete with other ligands that would form complexes.
—Redox equilibria, because oxidation usually produces protons and reduction consumes
them. These reactions can be biologically mediated or not.
—Solubility equilibria, since the rate of dissolution of most minerals is strongly pHdependent. Weathering of carbonate, silicate, and alumino-silicate minerals consumes
protons and releases metal cations.

Below it is considered how the chemical modifications, induced by pH adjustment,
influenced yield stress. The study was conducted on the sample PAb, that is, a coarsegrained (D90 = 391 µm) bulk fraction from the Peña del Águila deposit. This sample was
chosen because of its highest pH in the leaching test (see Table 7.21). In principle, the
choice was to add small volumes of concentrated sulfuric acid, because this acid occurs
spontaneously in the oxidation of primary sulfides (Hammarstrom et al., 2005), following
the reaction (on a pyrite basis):
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Figure 7.26. SEM images of 63–100 µm particle size, coming from El Descargador tailings dam
(scale bar: 200 µm): (a) Specimen P9, collected from the trial-pit profile, (b) Specimen W11,
collected from the sand dykes.
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FeS2 + 3.5O2 + H2O → Fe2+ + 2SO42– + 2H+
However, addition of sulfuric acid entails a violent exothermic reaction with organic
matter (estimated to be around 3% for PAb), causing other adverse collateral processes
that would distort the rheological results. The alternative of using 37 wt.% hydrochloric
acid (reference 141020.1611, Panreac, Spain) avoided those problems. Each slurry was
prepared at a solid mass fraction of 60%, adding the required HCl volume, according to
Table 7.10. Then, the suspension stayed overnight in a homogenizer to ensure a complete
mixing.
Finally, all the yields stresses were obtained from onset points computed on
continuous stress sweeps (n = 6), such as the displayed on Figure 6.12. Figure 7.27 was
built with a wide-gap vane rotor in the range 10–3–75 Pa. After unloading the slurry from
the rheometer, the pH value was determined with a Crison GLP 22 pH meter (Crison
Instruments S.A., Barcelona, Spain). Carbonates decomposition—present in low
concentration, as shown in Table 7.20—is supposed to be the main mechanism
responsible of the yield stress decrease with the pH decline.
Table 7.10. Effect of pH on the yield stress σy, obtained from consecutive stress sweeps (n = 6),
performed over a bulk fraction of the Peña del Águila deposit (PAb).
Added volume of 37 wt.% HCl (mL)
0.00
0.25
0.50
0.75
1.00
1.50

σy ± S.D. (Pa)
12.55 ± 0.89
11.49 ± 0.42
9.11 ± 0.39
10.85 ± 0.48
8.00 ± 0.41
7.05 ± 0.19

Resulting pH
7.64
7.14
6.69
6.63
6.21
6.08

Figure 7.27. Relationship between yield stress and pH for a 60% w/w slurry from Peña del Águila
tailings dam (sample PAb), after a series of continuous stress sweeps (n = 6).
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7.1.6.6. Effect of EC
Once an electrolyte is added to a concentrated suspension, surface charges increase
the repulsion between adjacent particles, causing them to form a pseudo-crystalline state
in which they are sitting on regular lattice sites. When a particle passes over each other
in shear flow, escapes out from one potential well to the next, what results in a viscosity
rise. Conversely, if one further increases the electrolyte concentration, the interaction with
the new ions reduces the interparticle repulsion and thus the viscosity (Barnes, 2000). In
this way, an increase of the electrical conductivity (EC) causes an unclear effect on the
rheological parameters of the system and, in particular, on the yield stress.
Below it is measured how the addition of an electrolyte, influenced yield stress. The
study was conducted on the sample PE, that is, a coarse-grained (D90 = 756 µm) specimen
collected in a sand dyke from La Peraleja deposit. This sample was chosen because of its
availability and relatively low EC in the leaching test (see Table 7.21). As EC of mine
waters in the Sierra de Cartagena – La Unión are controlled by sulfates (Robles-Arenas
et al., 2006), MgSO4 (reference 212486, Panreac, Spain) was selected to be added to the
slurry.
Each slurry was prepared at a solid mass fraction of 60%, adding the required mass
of MgSO4, according to Table 7.11. Then, the suspension stayed overnight in a
homogenizer to ensure a complete mixing.
Lastly, all the yields stresses were obtained from onset points computed on
continuous stress sweeps (n = 6), such as the displayed on Figure 6.12. Figure 7.28 was
built with a wide-gap vane rotor in the range 10–3–102 Pa. After unloading the slurry from
the rheometer, the EC value was determined with a Crison GLP 32 conductimeter (Crison
Instruments S.A., Barcelona, Spain).
Small additions of magnesium sulfate quickly raised the yield stressess, stabilizing
them at around tenfold the baseline value. This is linked to the mechanical stability
obtained by the iron-rich hardpan layers formed by chemical weathering on the mine
tailings surface.
Table 7.11. Effect of EC on the yield stress σy, obtained from consecutive stress sweeps (n = 6),
performed over a sand dyke of La Peraleja deposit (PE).
Added MgSO4 (mg)
0.00
1.33
10.10
100.00
500.00
1040.00
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σy ± S.D. (Pa)
8.85 ± 0.33
72.95 ± 5.10
58.25 ± 1.78
64.65 ± 3.49
69.76 ± 2.45
62.54 ± 6.88

Resulting EC (mS/cm)
2.36
3.68
2.15
4.72
7.02
19.06

Figure 7.28. Relationship between yield stress and EC for a 60% w/w slurry from La Peraleja
tailings dam (sand dyke, sample PE), after a series of continuous stress sweeps (n = 6).

7.2.

PARTICLE SIZE DISTRIBUTION

Post-flotation residues are fine-grained mining-metallurgical wastes. Froth flotation
works to the extent that ore is comminuted by crushing and grinding to a particle size less
than 100 µm. In this way, the desired minerals can be separated properly from the slurry
introduced in the flotation cells. In practice, the specimens studied here have a silt to sand
texture, with a D90 < 1.3 mm, what makes laser diffraction an ideal technique to study the
particle size distribution (PSD) of these materials, with no need for using sieve nor
hydrometer analysis.
7.2.1. Laser diffraction analysis
Full reports of the grain-size distribution analysis—performed by laser diffraction,
according to the methodology explained in Section 6.2—can be found in Appendix 3.
Each report includes the experimental conditions, the PSD data averaged over three
measurements, the frequency curve, the undersize curve, a data table with the 100 size
bands of particles determined by the optical geometry of the bench, and a simplified data
table using the size classes that follows the European Standard EN ISO 14688–1 (2002).
The particle size analyses of the 24 specimens embodied in this study are featured in
the summarizing Table 7.12. According to the D90 value, the distributions could be
considered of medium fineness (10–1000 µm), with an average of 538 µm; the exception
was W6, with a coarse fineness (D90 = 1258 µm). Regarding El Descargador talings dam,
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specimens collected in the trial pit (P1–P9) were clearly finer than those from the sand
dykes (W1–W13)—311 << 717 µm on average—what proved the vulnerability of coarser
grain sizes to liquefaction processes. The Peña del Águila specimen (PA) was the second
finest one, and Peraleja (PE) sample was particularly coarse, as befits to a water-scape
structure. In general, D90/D10 ratios revealed that distributions had very broad PSD widths
(> 10), with the exception of W7 and W10, considered as broad widths (ratios ranging 4–
10). Volume median diameter D50 ranged 5–569 µm, with a general average of 211 µm,
a local average of 108 µm in the trial pit, 285 µm in the liquefied dam wall, 11 µm in
Peña del Águila specimen, and 380 µm in the sand dyke of La Peraleja specimen.
According to surface area moment mean D[3,2]—with values between 2 and 109
µm—samples can be listed as follows: P9 < P2 < P8 < PA < P6 < P4 < W11 < W12 < P3
< W13 < P1 < P7 < P5 < W8 < W5 < W9 < W2 < W4 < W3 < PE < W6 < W1 < W10 <
W7. The ranking was similar for the volume/mass moment mean D[4,3], that ranged 8–
627 µm. Span pattern was analogous to PSD width. In spite of the term, uniformity trend
was different from the coefficient of uniformity Cu. Coefficient of curvature Cc varied
between 0.62 for P8 and 5.07 for P7. Finally, specific surface area SSA ranged 0.018–
0.873 m2/g, values strongly underestimated in relation to the true specific surface area in
more than two orders of magnitude.
Based on the European Standard EN ISO 14688–1 (2002), Table 7.13 includes the
textural terms that can be applied to each specimen, taking into account USDA and USCS
conventions. Only P2, P8, P9, and PA samples can be considered as fine-grained
Technosols (soils with 50% or more finer than 63 µm), therefore they do not have a
coarse-grained soil term. In general, the specimens from the trial pit in El Descargador
talings dam were slightly clayey/clayey, silty/very silty sands, with a loamy sand to silt
loam texture. Samples from the sand dykes were predominantly slightly clayey silty
sands, with a sand to sandy loam texture. PA was a silt and PE was a slightly clayey silty
sand.
Gradation terms are only applicable to sands. All specimens can be considered as
sand-silt mixtures (SM), with the exception of W1 and PE, with a 5–12% silt, Cu > 4, and
1 < Cc < 3. Both cases were well-graded sand-silt mixtures (SW-SM).
7.2.2. Bivariate correlations and dimension reduction
A statistical analysis was performed to assess possible relationships among the
variables. The data collected were subjected to multivariate calculations using IBM SPSS
24 (IBM, Armonk, NY, USA). A matrix was built by computing the Pearson’s correlation
coefficients for each pair of variables. In this statistical study, the 22 quantitative variables
and the 24 particle size analyses of the previous section were considered. Table 7.14
shows in boldface the significant correlations between variables at the 0.05 level (2tailed).
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P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

Sample name

11.30
1.17
7.04
3.17
15.15
2.32
12.81
1.56
0.91
45.64
27.47
27.10
29.12
17.79
53.61
167.22
18.52
24.98
116.46
4.08
4.39
9.43
2.11
74.09

D10 (µm)

117.01
3.72
68.04
28.86
137.56
15.70
142.44
5.26
2.43
167.67
155.39
179.24
190.90
154.99
339.33
291.50
130.25
164.08
271.76
25.03
30.81
78.75
5.54
263.08

D30 (µm)
211.51
9.74
114.87
79.48
216.32
66.31
252.19
16.05
4.63
273.37
245.86
310.12
324.02
305.17
568.55
395.25
257.96
284.20
370.07
75.06
111.74
178.56
10.72
380.26

D50 (µm)
264.38
16.06
138.90
107.72
258.43
104.45
312.39
28.51
6.36
336.02
292.37
381.96
396.82
378.53
689.89
454.45
327.72
354.99
423.39
131.61
190.02
229.83
14.69
444.38

D60 (µm)
547.29
77.68
257.53
262.74
469.19
372.60
641.69
147.01
20.34
688.91
514.53
746.85
756.39
737.95
1257.98
755.50
673.80
795.84
676.33
620.84
604.93
485.67
39.99
756.37

D90 (µm)
23.40
13.73
19.73
33.98
17.06
45.02
24.39
18.28
6.99
7.36
10.64
14.09
13.63
21.28
12.87
2.72
17.70
14.21
3.64
32.26
43.28
24.37
6.96
6.00

Cu
4.58
0.74
4.73
2.44
4.83
1.02
5.07
0.62
1.02
1.83
3.01
3.10
3.15
3.57
3.11
1.12
2.80
3.04
1.50
1.17
1.14
2.86
0.99
2.10

Cc
48.43
66.39
36.58
82.88
30.97
160.60
50.09
94.24
22.35
15.09
18.73
27.56
25.97
41.48
23.47
4.52
36.38
31.86
5.81
152.17
137.80
51.50
18.95
10.21

PSD width
18.50
3.34
13.89
8.34
20.43
6.52
19.10
4.30
2.41
45.95
27.84
29.17
28.78
23.61
37.63
108.88
21.72
26.41
82.03
9.45
10.06
16.27
4.89
30.09

D[3,2] (µm)
253.91
28.57
126.45
108.62
237.25
146.17
300.78
57.92
8.11
330.26
263.92
357.04
367.37
345.55
626.61
428.73
309.23
361.82
388.08
208.92
225.70
216.47
16.50
408.06

D[4,3] (µm)
2.53
7.85
2.18
3.27
2.10
5.58
2.49
9.06
4.19
2.35
1.98
2.32
2.25
2.36
2.12
1.49
2.54
2.71
1.51
8.22
5.37
2.67
3.54
1.79

Span

SSA (m2/g)
0.108
0.618
0.147
0.245
0.099
0.315
0.106
0.488
0.873
0.043
0.071
0.069
0.067
0.081
0.055
0.018
0.089
0.072
0.024
0.210
0.197
0.129
0.419
0.070

Uniformity

0.769
2.570
0.654
1.030
0.615
1.930
0.756
3.280
1.290
0.712
0.589
0.699
0.675
0.726
0.632
0.465
0.784
0.821
0.454
2.470
1.740
0.835
1.080
0.527

Table 7.12. Characteristic PSD data (n = 3) for the specimens collected in the trial pit (P1–P9) and the sand dykes (W1–W13) located in El Descargador tailings
dam, Peña del Águila (PA, fine fraction of the deposit), and Peraleja (PE, overall fraction of sand dyke). Di is the particle size at the i % point of the cumulative
undersize PSD, Cu is the coefficient of uniformity, Cc is the coefficient of curvature, PSD width refers to D90/ D10, D[3,2] is the surface area moment mean,
D[4,3] is the volume/mass moment mean, Span refers to (D90 – D10)/D50, Uniformity is the absolute deviation of the median, and SSA is the specific surface area.
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P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

Sample name

6.23
0
0
0
2.30
3.73
10.42
1.09
0
12.65
3.63
16.14
17.01
15.68
44.61
18.56
12.06
16.58
13.28
9.67
9.04
3.60
0
18.40

CSa

46.12
1.37
20.65
17.92
51.84
19.70
49.12
4.11
0
51.00
56.79
50.77
51.67
48.95
36.27
67.55
46.93
47.34
69.26
22.36
29.81
42.10
0
61.20

MSa

27.61
11.96
51.08
38.33
28.85
27.48
22.16
20.81
0
24.02
23.41
17.33
16.43
15.43
8.44
8.23
21.67
19.94
9.93
21.05
19.93
27.36
1.89
11.10

FSa
7.44
22.21
12.16
17.85
5.88
16.43
6.52
20.15
10.32
6.42
7.89
7.40
6.73
9.25
4.40
2.67
8.92
7.29
3.55
20.37
17.1
11.68
28.34
3.44

CSi
5.13
23.19
6.68
10.04
4.43
12.14
4.52
20.34
29.85
3.29
4.18
4.29
4.03
5.47
3.01
1.74
5.01
4.28
2.19
12.79
11.24
7.83
36.00
2.25

MSi
4.73
23.57
5.74
9.32
4.20
11.85
4.49
20.46
34.98
1.82
2.50
2.54
2.54
3.30
2.01
1.05
3.29
2.82
1.44
8.55
7.89
4.86
24.47
1.82

FSi
79.96
13.33
71.73
56.25
82.99
50.91
81.70
26.01
0
87.67
83.83
84.24
85.11
80.06
89.32
94.34
80.66
83.86
92.47
53.08
58.78
73.06
1.89
90.7

Sa
17.30
68.97
24.58
37.21
14.51
40.42
15.53
60.95
75.15
11.53
14.57
14.23
13.30
18.02
9.42
5.46
17.22
14.39
7.18
41.71
36.23
24.37
88.81
7.51

Si
2.74
17.7
3.69
6.54
2.50
8.67
2.77
13.04
24.85
0.80
1.60
1.53
1.59
1.92
1.26
0.20
2.12
1.75
0.35
5.21
4.99
2.57
9.10
1.84

Cl
Slightly clayey silty SAND
n/a
Slightly clayey very silty SAND
Clayey very silty SAND
Slightly clayey silty SAND
Clayey very silty SAND
Slightly clayey silty SAND
n/a
n/a
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Slightly clayey silty SAND
Clayey very silty SAND
Clayey very silty SAND
Slightly clayey very silty SAND
n/a
Slightly clayey silty SAND

Coarse-grained soil term

Loamy sand
Silt loam
Sandy loam
Sandy loam
Loamy sand
Loam
Loamy sand
Silt loam
Silt loam
Sand
Loamy sand
Loamy sand
Loamy sand
Loamy sand
Sand
Sand
Loamy sand
Loamy sand
Sand
Sandy loam
Sandy loam
Loamy sand
Silt
Sand

USDA term

SM
n/a
SM
SM
SM
SM
SM
n/a
n/a
SW-SM
SM
SM
SM
SM
n/a
n/a
SM
SM
n/a
SM
SM
SM
n/a
SW-SM

Gradation

Table 7.13. Textural classification of the specimens (n = 3) collected in the trial pit (P1–P9) and the sand dykes (W1–W13) located in El Descargador tailings
dam, Peña del Águila (PA, fine fraction of the deposit), and Peraleja (PE, overall fraction of sand dyke), according to the different geotechnical criteria.
Particle–size classes are expressed in relative volume (%), in terms of the European Standard EN ISO 14688–1 (2002): CSa coarse sand, MSa medium sand,
FSa fine sand, CSi coarse silt, MSa medium sand, FSi fine silt, Cl clay. Gradation is expressed according to USCS: SM sand-silt mixture, SW-SM well-graded
sand-silt mixture, n/a not applicable.
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1.00

1.00

0.96

0.64

Cu

0.94 –0.35

0.91 –0.41

0.84 –0.53

0.43

0.60 0.24 0.22 –0.34 0.35 0.26

0.62 0.89 0.98 –0.94 0.90 1.00

1.00 –1.00 –0.91
1.00 0.86
1.00

Si

Cl

0.04 –0.36 –0.34 0.27 –0.26 –0.28

Sa

1.00

0.01 –0.85 –0.88 –0.87 0.93 –0.92 –0.83

1.00 –0.98 0.95 0.96

1.00

0.50 –0.36 –0.58 –0.54 –0.55 0.59 –0.59 –0.52

1.00 –0.54 –0.86 –0.29

0.74 0.59 0.61 –0.68 0.68 0.63

0.75 0.60 0.61 –0.69 0.69 0.63

0.81 –0.17 –0.79 –0.80 –0.81 0.85 –0.85 –0.77

0.72 –0.26 –0.65 –0.55 –0.54 0.61 –0.61 –0.54

0.31

0.64 –0.39 –0.72 –0.03
1.00

0.41 0.01 0.00 –0.11 0.13 0.04

0.51 –0.50 –0.56 –0.53 0.57 –0.56 –0.51

0.52

0.75 –0.12 –0.70 –0.79 –0.81 0.83 –0.82 –0.79

0.81 –0.18 –0.82 –0.79 –0.79 0.85 –0.85 –0.75

0.82 –0.20 –0.84 –0.78 –0.77 0.84 –0.84 –0.74

0.64 –0.38 –0.73 –0.04

0.91

0.50

Cl

FSi

1.00

0.99

–0.60 –0.79

–0.52 –0.56

Si

0.82 –0.26 –0.84 –0.74 –0.72 0.80 –0.81 –0.69

0.26 –0.29 –0.48

0.13

Sa

1.00 0.95 –0.98 0.99 0.85

1.00

1.00 –0.60

0.66 –0.53

0.73

0.91

0.90

0.88

0.82

FSi

0.66 –0.36 –0.61 –0.48 –0.46 0.53 –0.54 –0.45

0.04 –0.25 –0.30

–0.59 –0.53

0.42

–0.50 –0.79

–0.69 –0.78

–0.69 –0.76

–0.69 –0.72

0.51

CSi MSi

MSi

1.00

0.75

0.33 –0.59

1.00 –0.51 –0.39

–0.32 –0.04

0.42

0.98 –0.49

0.99 –0.67

0.98 –0.70

0.94 –0.70

–0.46 –0.47

FSa

1.00 0.80 0.68 –0.82 0.86 0.57

1.00

0.53

0.66

0.70

0.79

0.63 –0.48

0.89 –0.53 –0.27

–0.23

–0.50

–0.56

–0.63

0.97

CSa MSa

CSi

FSa

MSa

CSa

SSA

Uniformity

Span

D[4,3]

D[3,2]

PSD width

Cc

0.04

0.33

0.37

0.37

0.30

–0.50

Cc PSD w. D[3,2] D[4,3] Span Uniform. SSA

0.49 –0.56 –0.15

D90

1.00

1.00

0.98

0.68

D60

Cu

1.00

0.78

D50

1.00 –0.11

1.00

D30

D90

D60

D50

D30

D10

D10

Table 7.14. Correlation matrix for the characteristic PSD data and textural terms used in this study.

Significant positive correlations appeared between: D10, D30, D50, D60, D90, D[3,2],
D[4,3], CSa, MSa, and Sa; Cu, PSD width, span, uniformity, FSa, and CSi; SSA, span,
uniformity, CSi, MSi, FSi, Si, and Cl; Cu, FSa, and Sa; and CSi, MSi, FSi, Si, and Cl.
Instead, significant negative correlations occurred between variables such as: Di, and
span, uniformity, SSA, CSi, MSi, FSi, Si, and Cl; Cc and span, uniformity, SSA, CSi, MSi,
FSi, Si, and Cl; D[3,2] and Cu, PSD width, span, uniformity, SSA, CSi, MSi, FSi, Si, and
Cl; and so on.
A principal component analysis was used to identify underlying variables that
explain most of the variance observed. Varimax with Kaiser normalisation was used as a
rotation method to extract 2 kept components. Component 1 explained 65% of variance,
including the variables D50, D60, D90, D[4,3], MSa, and Sa in the positive direction; and
SSA, CSi, MSi, FSi, Si, and Cl in the negative direction. Component 2 explained 15% of
variance and was defined by D10, D30, and D[3,2] in the positive direction; and Cu, PSD
width, and FSa in the negative direction. The variables mentioned had component
loadings higher than 0.71, typically regarded as excellent, according to Grimm and
Yarnold (2000).
The component plot of Figure 7.29 exhibits the proximity of the variables according
to their variance. This plot proves the suitability of selecting certain parameters, such as
volume/mass moment mean D[4,3], specific surface area SSA, D10, or Cu to describe the
PSD pattern of a specimen, as well as Sa or Si to define the textural properties.

Figure 7.29. Component plot in rotated space for the characteristic PSD data and textural terms
used in this study.
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7.2.3. Soil texture triangle
A soil texture triangle is a qualitative classification tool used for agricultural soils to
sort them according to its textural information. Although post-flotation wastes have
nothing to do with true agricultural soils, a triangle is helpful to visualize and later
correlate the physical texture of these materials with the flow pattern of its corresponding
suspensions.
The ternary plot displayed in Figure 7.30 the textural classification of the 24
specimens involved in this study. Regarding El Descargador tailings dam, samples of the
trial pit (P1–P9) drew a curve from loamy-sand to silt-loam texture; conversely, samples
from the sand dykes (W1–W13) followed a straight line from sand to sandy-loam texture.
Finally, Peña del Águila (PA) sample belonged to the silt class and Peraleja (PE) to sand
group. This triangle has been built considering a silt-sand limit of 63 µm, as recommended
by the European Standard EN ISO 14688–1 (2002).

Figure 7.30. Soil texture triangle, showing the 12 major textural classes as defined by the USDA.
The European Standard EN ISO 14688–1 (2002) was used to establish the particle size scales.
Red triangles stand for P1–P9, blue circles represent W1–W13, orange square is PA, and green
star is PE.
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7.3.

PARTICLE DENSITY DETERMINATION

A gas stereopycnometer was used to determine the volume displaced by the particles
inserted into the sample cell holder of the instrument. Samples were weighed on a
PB3002-S/F precision balance with a readability of 0.01 g (Mettler-Toledo GmbH,
Schwerzenbach, Switzerland). Since helium penetrates voids and pores, volume estimates
provide the so-called true, real, or particle density values.
An overnight outgassing treatment at 60 ºC prevented adsorption of the measuring
gas on the specimens, what would alter volume determination. A sample weight of 8–12
g of every post-flotation waste was enough to fill the small sample cell up to the sphere
height used in the calibration process.
Three runs of every specimen collected from the trial pit (samples P1–P9), sand
dykes (samples W1–W13)—located in El Descargador tailings dam—, Peña del Águila
(PA, fine fraction of the deposit), and Peraleja (PE, overall fraction of sand dyke) tailings
dams were analyzed in this study. Table 7.15 shows that density values ranged 2.9–3.1
g/cm3.
Table 7.15. Gas stereopycnometry woksheet. Measured density values (n = 3) for the specimens
collected in the pit (P1–P9) and the sand dykes (W1–W13) located in El Descargador tailings
dam, Peña del Águila (PA, fine fraction of the deposit), and Peraleja (PE, overall fraction of sand
dyke). P2 is the pressure in the sample chamber, P3 is the pressure in the sample chamber after
expansion of the gas, Vp is the volume of the solid placed in the sample cell, and S.D. is the
standard deviation of the density results (see Section 6.3).
Sample ID
P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE
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Weight (g)
12.41
10.84
10.85
10.15
10.94
10.14
10.43
9.77
9.75
10.72
10.44
10.35
10.99
11.18
10.65
10.03
9.89
11.45
10.56
9.37
10.41
9.55
6.05
9.30

P2 (psig)
17.182
17.170
17.197
17.153
17.240
17.458
17.197
17.134
17.283
17.259
17.217
17.210
17.218
17.204
17.177
17.206
17.382
17.229
17.213
17.447
17.194
17.185
17.121
17.174

P3 (psig)
5.417
5.454
5.466
5.477
5.480
5.573
5.483
5.475
5.522
5.505
5.499
5.492
5.488
5.482
5.464
5.507
5.579
5.482
5.491
5.608
5.492
5.498
5.607
5.507

Vp (cm3) Density (g/cm3)
4.120
3.012
3.731
2.905
3.700
2.932
3.453
2.939
3.693
2.963
3.470
2.923
3.529
2.956
3.416
2.860
3.419
2.851
3.510
3.058
3.435
3.040
3.484
2.971
3.553
3.094
3.567
3.135
3.656
2.914
3.331
3.012
3.176
3.115
3.644
3.143
3.504
3.014
3.094
3.029
3.438
3.029
3.347
2.854
2.063
2.932
3.244
2.867

S.D. (g/cm3)
0.032
0.032
0.012
0.007
0.034
0.009
0.031
0.003
0.019
0.134
0.038
0.049
0.064
0.034
0.063
0.083
0.072
0.059
0.058
0.032
0.055
0.042
0.016
0.032

7.4.

STEREOMICROSCOPIC OBSERVATION

This section presents the appearance of the particulate matter that forms the mineral
slurries subject to rheological characterization, as they occur in the deposits, without
excluding material by sieving. They were mineralogically stable, not being affected by
sudden temperature or moisture changes.
Figures 7.31–7.32 correspond to the specimens collected in the pit profile (P1–P9)
located in El Descargador tailings dam. Its constituent minerals occur in a variety of dark
gray shades, due to the presence of siderite, magnetite, and pyrite. In certain specimens
appear white compact fibrous masses of sulfates, such as epsomite and gypsum.
Figures 7.33–7.35 include the specimens collected in the sand dykes (W1–W13)
located in El Descargador tailings dam. Coarser grains form these materials, having
similar color to those from the pit profile, although they exhibit deeper ochre tonalities,
due to the presence of goethite, jarosites, and other secondary minerals.
The specimen from Peña del Águila (PA, fine fraction of the deposit) stands out for
its fineness (see Figure 7.36a). The sample from La Peraleja (PE, overall fraction of sand
dyke), appears similar to those from the mudslide in El Descargador deposit.
7.5.

COMPOSITIONAL AND STRUCTURAL CHARACTERIZATION

Many mineral particles of the slurries bear hydroxyl groups on its surface, which
accumulate positive charge at low pH and negative charge at high pH. The pH at the zero
charge is called isoelectric point. Net surface charge depends on the statistical mean of
the isoelectric points for each mineral. This is rheologically relevant because the system
becomes very shear thinning at this particular pH (Barnes, 2000).
The mineralogy is properly explained as long as a previous compositional study is
completed. The different specimens collected in the tailings dams considered in this
research were characterised by thermogravimetry (thermal decomposition analysis),
CHN analysis, wavelength dispersive X-ray fluorescence (study of the elemental
composition), and X-ray diffraction (structural analysis).
7.5.1. Thermogravimetric analysis
Thermogravimetry coupled to mass spectrometry has been used to analyze the loss
steps that occur when these aggregates of minerals are heated from 30 to 1075 ºC. The
resultant thermogram is the sum of the decomposition profiles of each mineral group:
silicates, sulfates, carbonates, oxides, and sulfides.
During the decomposition process, one can usually follow four main effluent gases
evolving from the samples. At the heating rate of 30 ºC/min, loss of water (dehydration)
ranged 30–1075 ºC, due to the presence of free water, crystalline water, organic matter,
and constitution water. Loss of hydrogen chloride may also appear in the overall range
(30–1075 ºC), coming from the usage of seawater and well water in the froth flotation
plants. Loss of carbon dioxide (decarbonisation) occurred mainly over 115–900 ºC, in
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Figure 7.31. Stereomicroscopic observations of the specimens collected in the trial pit of El
Descargador tailings dam. Images on the left are magnified 20x and the scale is 1 mm long.
Images on the rigth are magnified 45x and the scale is 100 µm long. (a) P1, (b) P2, (c) P3, (d) P4,
(e) P5.
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Figure 7.32. Stereomicroscopic observations of the specimens collected in the trial pit of El
Descargador tailings dam. Images on the left are magnified 20x and the scale is 1 mm long.
Images on the rigth are magnified 45x and the scale is 100 µm long. (a) P6, (b) P7, (c) P8, (d) P9.
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Figure 7.33. Stereomicroscopic observations of the specimens collected in the sand dykes of El
Descargador tailings dam. Images on the left are magnified 20x and the scale is 1 mm long.
Images on the rigth are magnified 45x and the scale is 100 µm long. (a) W1, (b) W2, (c) W3, (d)
W4, (e) W5.

182

Results

Figure 7.34. Stereomicroscopic observations of the specimens collected in the sand dykes of El
Descargador tailings dam. Images on the left are magnified 20x and the scale is 1 mm long.
Images on the rigth are magnified 45x and the scale is 100 µm long. (a) W6, (b) W7, (c) W8, (d)
W9.
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Figure 7.35. Stereomicroscopic observations of the specimens collected in the sand dykes of El
Descargador tailings dam. Images on the left are magnified 20x and the scale is 1 mm long.
Images on the rigth are magnified 45x and the scale is 100 µm long. (a) W10, (b) W11, (c) W12,
(d) W13.
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Figure 7.36. Stereomicroscopic observations of the specimens collected in Peña del Águila (PA,
fine fraction of the deposit), and Peraleja (PE, overall fraction of sand dyke) tailings dams.
Images on the left are magnified 20x and the scale is 1 mm long. Images on the rigth are magnified
45x and the scale is 100 µm long. (a) PA, (b) PE.

several steps, responding to the presence of organic matter and carbonates. Finally, loss
of sulfur trioxide (desulfation) occurred at 180 ºC and higher, coming from organic
matter, sulfides, and sulfates. Examples of decomposition in an oxidizing atmosphere are
displayed in Figures 7.37–7.40, where ion current curves are used to interpret loss weight
curves.
Figure 7.37 represents the decomposition pattern for the trial-pit profile of El
Descargador deposit. Ion current curve for CO2 only showed a peak for organic matter,
with the exception of P1, which exhibited an additional peak for inorganic CO2. Ion
current curve for SO3 proved the presence of sulfides and sulfates. No m/z response
appeared for HCl. DSC plots showed an exothermic peak around 550 ºC, concurring with
sulfides and organic matter decomposition.
Figure 7.38 characterizes the decomposition pattern for the sand dykes of El
Descargador tailings dam. Ion current profile for CO2 denoted small amounts of organic
matter and inorganic CO2. Ion current curve for SO3 proved a lower presence of sulfides
and higher presence of sulfates. Presence of m/z response for HCl was rare. DSC plots
showed a tiny exothermic peak around 550 ºC, concurring with sulfides presence.

Results

185

Figure 7.37. Complete TG–MS study of the P3 specimen, collected in the trial pit of El
Descargador tailings dam. (a) Ion currents of the evolved gases coming from the decomposition
of the sample, where red curve is the H2O profile, blue curve corresponds to CO2, deep-yellow
curve responds to SO3, and light-green curve is HCl. (b) From top to bottom, TG curve, DSC plot,
and DTG graph.
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Figure 7.38. Complete TG–MS study of the W3 specimen, collected in the sand dykes of El
Descargador tailings dam. (a) Ion currents of the evolved gases coming from the decomposition
of the sample, where red curve is the H2O profile, blue curve corresponds to CO2, deep-yellow
curve responds to SO3, and light-green curve is HCl. (b) From top to bottom, TG curve, DSC plot,
and DTG graph.
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Figure 7.39. Complete TG–MS study of the PA specimen, collected in the Peña del Águila
tailings dam. (a) Ion currents of the evolved gases coming from the decomposition of the sample,
where red curve is the H2O profile, blue curve corresponds to CO2, deep-yellow curve responds
to SO3, and light-green curve is HCl. (b) From top to bottom, TG curve, DSC plot, and DTG
graph.
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Figure 7.40. Complete TG–MS study of the PE specimen, corresponding to the overall fraction
of sand dyke in Peraleja tailings dam. (a) Ion currents of the evolved gases coming from the
decomposition of the sample, where red curve is the H2O profile, blue curve corresponds to CO2,
deep-yellow curve responds to SO3, and light-green curve is HCl. (b) From top to bottom, TG
curve, DSC plot, and DTG graph.
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Figure 7.39 displays the decomposition behaviour for the specimen PA, collected in
Peña del Águila deposit. Ion current profile for CO2 denoted a strong amount of organic
matter. Ion current curve for SO3 exhibited the presence of labile sulfur, some sulfides
and higher presence of sulfates. Ion curve profile for HCl showed a strong evolving
response. DSC plot showed a small exothermic peak matching with the organic matter
burning.
Figure 7.40 shows the thermal decomposition for the specimen PE, collected in La
Peraleja tailings dam. Ion current profile for CO2 denoted a small amount of organic
matter. Ion current curve for SO3 exhibited the presence of some sulfides and higher
presence of sulfates. Ion curve profile for HCl showed a null evolving response.
Overlapping between adjoining processes made impossible to perform an accurate
allocation of each mass loss with each decomposition process, especially when clays,
organic matter, carbonates, and sulfides concur in the same specimen. Table 7.16
summarizes the mass loss data.
Free water estimates ranged 3–11%, with an average value of 5.5%. Organic matter
was present in 3–9%, averaging 5%. Inorganic CO2 was indistinguishable from SO3.
Sulfur trioxide from sulfates averaged 7.4% for Pi samples and 2.6% for Wi samples.
Finally, the residue obtained after the combustion—composed mainly of oxides and
silicates—ranged 75–88%.
7.5.2. CHN analysis
A quantitative analysis of CHN was performed by dry combustion. 100–150 mg of
powder samples were burned at 950 ºC in an excess of oxygen. The soil standard Leco
502-062 was used to build the calibration curves. Table 7.17 compiles the resulting data.
Regarding to carbon, only P1–5, P7, and PA were inside the validity range of
calibration, most of them enriched in organic matter. In the other cases, lack of sensitivity
could not be compensated entering the maximum amount of sample allowed (150 mg).
As far as hydrogen is concerned, higher concentrations of this element agreed with
the presence of phyllosilicates, goethite, and sulfates detected by XRD. Nitrogen content
did not reach the minimum level (0.06 mg of absolute N) to be quantified.
7.5.3. Compositional analysis by WDXRF
Samples for wavelength dispersive X-ray fluorescence spectrometry (WDXRF) were
dried at 60 ºC for 24 h and then gently ground by hand with mortar and pestle, to give a
final particle size of less than 100 µm. This was the same sample preparation procedure
employed in CHN analysis, because its results were a valid method that provided an
estimation of water and carbon dioxide contents. CHN analyzer was a helpful support
technique, because WDXRF only could measure elements with Z > 8.
Table 7.18 shows the WDXRF and C/H results of the wastes studied. Only values
whose intensities were above 3 times the statistical background have been considered.
Main fraction (with mean values in the range 10–100%, according to Müller et al., 2001)
consisted of Fe (20–42%) and Si (6–14%); in descending order of the averages, minor
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4.46
10.99
4.71
6.82
3.64
5.59
6.46
8.53
10.23
4.82
5.00
4.34
4.19
2.67
6.46
4.32
5.18
5.21
4.09
4.00
5.43
4.52
7.13
2.98

30–370
30–330
30–370
30–360
30–390
30–360
30–390
30–370
30–370
30–205
30–200
30–180
30–200
30–115
30–205
30–210
30–210
30–210
30–210
30–210
30–210
30–210
30–210
30–200

8.04
3.70
5.64
3.63
4.44
3.74
4.09
3.35
3.17
5.15
4.52
5.96
5.06
8.72
4.97
4.56
5.31
4.77
4.57
5.73
4.75
5.25
7.44
4.41

370–720
330–660
370–690
360–700
390–690
360–700
390–710
370–670
370–690
205–460
200–450
180–450
200–540
115–540
205–425
210–460
210–545
210–455
210–485
210–520
210–545
210–545
210–695
200–515

5.25
0
0
0
0
0
0
0
0
2.16
2.20
2.56
1.68
2.14
3.45
2.23
1.86
3.11
1.82
2.53
2.03
2.08
0
0

720–1075
—
—
—
—
—
—
—
—
460–750
450–720
450–730
540–780
540–750
425–750
460–750
545–780
455–780
485–785
520–755
545–780
545–840
—
—

Organic matter This fraction included the oxidation and decomposition of sulfides in P1–P9. PA evolved HCl over 210 ºC.

P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

—
10.70
5.79
6.54
4.75
6.23
6.16
9.73
9.27
2.89
3.67
3.32
1.62
3.25
4.59
2.58
2.94
3.06
1.30
1.46
3.04
0.61
3.37
5.82

—
660–1075
690–1075
700–1075
690–1075
700–1075
710–1075
670–1075
690–1075
750–1075
720–1075
730–1075
780–1075
750–1075
750–1075
750–1075
780–1075
780–1075
785–1075
755–1075
780–1075
840–1075
695–1075
515–1075

82.25
74.60
83.87
83.01
86.27
84.43
83.29
78.39
77.33
84.98
84.61
83.83
87.49
83.22
80.53
86.31
84.70
83.84
88.22
86.28
84.76
87.54
82.06
86.79

Sample H2O (%) Temp. range (ºC) Organic matter (%) Temp. range (ºC) Inorganic CO2 + SO3 (%) Temp. range (ºC) SO3 (%) Temp. range (ºC) Residue (%)

Table 7.16. Thermogravimetric results for the decomposition of the specimens collected in the pit (P1–P9) and the sand dykes (W1–W13) located in El
Descargador tailings dam, Peña del Águila (PA, fine fraction of the deposit), and Peraleja (PE, overall fraction of sand dyke) under dynamic conditions.

Table 7.17. CHN analysis for the decomposition of the specimens collected in the pit (P1–P9) and
the sand dykes (W1–W13) located in El Descargador tailings dam, Peña del Águila (PA, fine
fraction of the deposit), and La Peraleja (PE, overall fraction of sand dyke), determined by dry
combustion. Values in parentheses are lower sample sizes so that absolute H does not exceed the
validity range.
Sample
P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

Weight (mg) Abs. C (mg)
150.09
150.09 (101.20)
150.17
150.23
150.27
150.17 (100.25)
150.08
150.14 (100.11)
150.31 (100.28)
150.23 (100.33)
150.75 (100.02)
150.27 (100.61)
150.63 (100.32)
150.23 (100.32)
150.21 (100.22)
150.45 (100.57)
150.49 (100.13)
150.37 (100.56)
150.45 (100.16)
150.60 (100.43)
150.16 (100.65)
150.22 (101.13)
150.69 (100.36)
150.22 (100.70)
Validity ranges:

2.29
1.69
1.94
1.76
1.41
0.90
1.45
0.75
0.71
0.17
0.14
0.12
0.13
0.14
0.14
0.16
0.13
0.13
0.17
0.21
0.14
0.15
1.49
0.14

C (%) Abs. H (mg)
1.52
1.12
1.29
1.17
0.94
< 0.66
0.97
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
< 0.66
0.99
< 0.66

1.0–6.0 0.66–3.98

0.88
0.90
0.93
1.01
0.95
0.80
1.01
0.92
1.07
0.86
0.91
0.99
0.91
0.93
0.96
0.93
0.96
0.97
0.87
0.97
0.94
0.97
0.96
0.85

H (%) Abs. N (mg)
0.52
0.79
0.55
0.59
0.56
0.71
0.60
0.81
0.94
0.75
0.81
0.87
0.80
0.82
0.85
0.82
0.85
0.85
0.77
0.86
0.83
0.85
0.84
0.75

0.19–1.15 0.17–1.00

0.03
0.04
0.03
0.03
0.03
0.05
0.04
0.04
0.05
0.05
0.05
0.04
0.06
0.06
0.04
0.05
0.05
0.04
0.06
0.08
0.07
0.07
0.06
0.06

N (%)
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06
< 0.06

0.09–0.54 0.06–0.34

fraction (0.1–10%) was based on S (1–6%), Al (2–4%), Mg (0.6–6.0%), Ca (0.2–3.1%),
Zn (0.1–1.7%), Pb (0.2–1.0%), Mn (0.1–1.0%), Cl (0.01–6.6%), Na (0.09–0.8%), As
(0.05–0.39%), K (0.07–0.55%), and Ti (0.08–0.53%); and regarding the micro fraction
range (1–1000 ppm), the elements could be listed in decreasing order as follows: Ba (≤
380 ppm), P (200–961 ppm), Cu (1106–426 ppm), Zr (≤ 160 ppm), Sb (≤ 200 ppm), Ag
(≤ 84 ppm), V (36–140 ppm), Co (≤ 81 ppm), Cr (29–112 ppm), Ni (≤ 42 ppm), Sr (≤ 121
ppm), Nb (≤ 23 ppm), Rb (≤ 38 ppm), and Y (≤ 9 ppm).
Noteworthy was the presence of Zn, Pb, Mn, and As in the minor fraction, as well as
the occurrence of Cu, Sb, Ag, V, Co, Cr, and Ni in the micro fraction. Wastes are usually
not consolidated materials with a large surface area exposed to weathering phenomena,
which causes a dispersion of metals with health significance, being a source of
atmospheric and hydrologic pollution, according to WHO (2011).
The enrichment of metals in post-flotation wastes compared to soil was estimated
using an enrichment factor (EF) (Carmona et al., 2009) given by:
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P8

P9

W1

W2

W3

W4

W5

W6

W7

W8

W9

W10

W11

W12

W13

PA

PE

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

Zr

Nb

Ag

Pb

Ba

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

n.d.

n.d. 0.0031

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.
n.d.

n.d.

n.d.

n.d. 0.0076

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0017

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0016 0.0038

n.d.

n.d. 0.0042

n.d. 0.0087

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0075 0.0084

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0380

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0023

n.d. 0.0160

n.d. 0.0009 0.0002

n.d. 0.0130

n.d.

n.d.

n.d.

n.d.

n.d. 0.0025 0.0030 0.0026 0.0028 0.0021 0.0024 0.0121 0.0058

n.d.

n.d.

n.d.

n.d. 0.0099 0.0140 0.0110 0.0100 0.0110 0.0110 0.0092

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d. 0.0018

n.d.

n.d.

0.6280 0.7100 0.6764 0.6682 0.6690 0.7412 0.6737 0.8500 1.0120 0.6433 0.6781 0.6073 0.6348 0.6468 0.6221 0.6502 0.4060 0.5688 0.6042 0.5376 0.5013 0.6342 0.1510 0.2480

n.d.

n.d.

n.d.

n.d.

n.d. 0.0078

n.d.

n.d.

n.d.

0.0190 0.0190 0.0170 0.0200 0.0130 0.0095 0.0200 0.0160 0.0200 0.0110 0.0140

n.d.

n.d.

Y

Sb

n.d.

n.d.

n.d.

0.0025 0.0032 0.0040 0.0024 0.0017 0.0026 0.0025 0.0020 0.0018 0.0022 0.0020 0.0024 0.0021 0.0020 0.0026

n.d.

n.d.

Sr

n.d.

n.d.

Rb

n.d.

0.1630 0.2050 0.2690 0.2270 0.1490 0.1210 0.1630 0.1770 0.2710 0.1770 0.2230 0.2010 0.1550 0.1510 0.2780 0.1930 0.1710 0.1860 0.1550 0.0927 0.0764 0.1230 0.0476 0.3900

Br

n.d.

1.0660 1.1730 1.0840 1.0780 1.3320 1.6070 1.6960 1.4320 1.5050 0.8909 1.0000 1.0160 0.8414 0.8167 0.9974 0.9971 0.6540 0.9438 0.7672 0.7308 0.8192 0.8248 0.1520 0.1430

n.d.

As

n.d.

Zn

n.d.

0.0190 0.0209 0.0197 0.0193 0.0200 0.0201 0.0207 0.0219 0.0279 0.0352 0.0406 0.0394 0.0372 0.0369 0.0393 0.0409 0.0366 0.0426 0.0417 0.0342 0.0281 0.0395 0.0110 0.0425

Cr

0.0029

0.0044 0.0034 0.0034 0.0039 0.0033 0.0043 0.0036 0.0039 0.0039 0.0049 0.0036 0.0038 0.0045 0.0053 0.0029 0.0043 0.0045 0.0046 0.0057 0.0054 0.0049 0.0053 0.0054 0.0112

V

Cu

0.0047 0.0039 0.0045 0.0044 0.0042 0.0036 0.0050 0.0047 0.0056 0.0060 0.0045 0.0047 0.0064 0.0062 0.0056 0.0055 0.0077 0.0053 0.0066 0.0074 0.0049 0.0050 0.0061 0.0140

Ti

0.0059 0.0049 0.0049 0.0053 0.0049 0.0045 0.0055 0.0050 0.0050 0.0070 0.0081 0.0078 0.0058 0.0059 0.0069 0.0076 0.0045 0.0077 0.0085 0.0053 0.0041 0.0068 0.0010 0.0052

0.1190 0.0814 0.1010 0.1060 0.1010 0.1170 0.1020 0.1020 0.0894 0.1580 0.1450 0.1380 0.1590 0.1560 0.1160 0.1370 0.1670 0.1350 0.1790 0.1450 0.1370 0.1500 0.1690 0.5270

Ca

Co

2.2270 1.0800 1.0200 1.0800 1.0700 1.1300 1.0900 0.9380 0.6310 0.8570 0.8920 1.3470 1.0200 0.5660 0.3090 0.3640 1.9690 1.5720 0.1630 1.3980 0.7510 1.7540 3.0660 1.3700

K

Ni

0.1020 0.0772 0.0718 0.0777 0.0940 0.1290 0.1120 0.1240 0.0889 0.1470 0.1300 0.1180 0.1420 0.1660 0.0948 0.1420 0.1900 0.1260 0.2240 0.1480 0.1160 0.1700 0.4790 0.5520

Cl

0.5600 0.8710 0.5489 0.5415 0.4915 1.0400 0.8734 1.0130 0.8932 0.2250 0.2700 0.2080 0.2010 0.2090 0.2120 0.2170 0.1270 0.1670 0.2010 0.1620 0.2180 0.1790 0.5799 0.2580

0.0290 0.1160 0.0961 0.1190 0.0599 0.1020 0.0502 0.0929 0.0675 0.0180 0.0200 0.0190 0.0120 0.0180 0.0220 0.0120 0.0140 0.0180 0.0140 0.0370 0.0454 0.0420 6.6080 0.0110

S

25.6100 24.9000 26.9800 27.1600 27.3700 24.0800 26.3200 26.1200 27.8400 36.3800 37.7800 36.8100 36.1600 35.0300 41.8100 38.3000 33.5300 35.4700 35.9700 32.5500 34.4000 31.9500 20.4100 26.8300

4.7230 4.9510 4.4420 3.8830 3.4410 4.6850 4.7550 4.3520 3.6370 3.0630 3.2250 4.2170 3.0280 2.6220 4.1910 3.2560 3.5240 4.3820 1.7390 2.4880 2.1840 4.1360 1.4890 6.4000

P

Fe

0.0240 0.0200 0.0270 0.0280 0.0270 0.0260 0.0230 0.0260 0.0230 0.0390 0.0330 0.0310 0.0390 0.0380 0.0270 0.0350 0.0400 0.0340 0.0440 0.0340 0.0370 0.0360 0.0240 0.0961

Si

Mn

2.5100 2.7400 2.5800 2.6100 2.2700 2.8600 2.2700 3.0700 3.2200 2.7000 2.7100 2.4100 2.8100 3.2300 1.7300 2.7100 2.8100 2.4100 3.1500 3.2700 3.3400 3.2600 4.2990 3.6600

12.4100 11.1000 11.9300 12.7000 14.2400 12.9000 12.3700 11.9000 11.2500 10.0700 8.6660 7.9850 10.0300 10.9000 6.3550 8.7110 10.8200 8.7480 11.9300 12.1600 11.6900 10.3100 11.7600 11.0000

Al

2.0590 3.5770 2.9660 2.5940 2.2510 3.2250 2.6880 2.9990 2.8020 1.2820 1.2090 1.1460 1.1980 1.4100 0.5870 1.1300 0.9510 1.0100 1.3350 1.3740 1.5340 1.4110 6.0070 1.5050

P7

0.0900 0.3100 0.2490 0.2680 0.1200 0.3910 0.1590 0.2480 0.2230 0.1480 0.1690 0.2400 0.1660 0.2030 0.3720 0.1160 0.1210 0.3240 0.1250 0.1400 0.1260 0.1470 0.7680 0.3680

P6

Mg

P5

45.5800 46.1100 45.0600 45.0300 44.7600 45.4900 45.0300 45.1800 44.9500 42.2500 41.8600 42.4800 42.4400 42.8500 41.2500 42.0300 43.4800 42.8800 42.4300 43.6700 43.0400 43.8300 42.0500 45.6800

P4

Na

P3

O

P2

0.5215 0.7912 0.5517 0.5976 0.5640 0.7128 0.5998 0.8180 0.9479 0.7587 0.8113 0.8718 0.8046 0.8248 0.8516 0.8259 0.8550 0.8527 0.7710 0.8617 0.8315 0.8538 0.8494 0.7543
1.5200 1.1220 1.2910 1.1710 0.9361 0.6004 0.9661 0.4994 0.4722 0.1146 0.0901 0.0819 0.0873 0.0928 0.0928 0.1064 0.0819 0.0873 0.1092 0.1392 0.0955 0.1010 0.9907 0.0928

H
C

P1

Table 7.18. Bulk composition of the specimens collected in the pit (P1–P9) and the sand dykes (W1–W13) located in El Descargador tailings dam, Peña del
Águila (PA, fine fraction of the deposit), and La Peraleja (PE, overall fraction of sand dyke), determined by WDXRF and C/H analysis (wt.%).

EF = [metal in wastes, mg/kg] / [metal in soils, mg/kg]
Table 7.19 gives the EF values for the different wastes. Local background
concentrations averaged at the top 60 cm of soils were taken from Martínez-Sánchez and
Pérez-Sirvent (2007). Analytes with EF < 10 (Cr, Ni, and Co) were considered to be
poorly enriched, 10 < EF < 100 (Cu) indicated moderate enrichment, whereas a strong
enrichment was reckoned for species with EF > 100 (Sb, Zn, As, and Pb, in increasing
order). All this proves that mining residues incorporated into their structure important
concentrations of heavy metals.
Table 7.19. Enrichment factors for metals compared to soils from the same area, according to
Martínez Sánchez and Pérez-Sirvent (2007). [X]soil is the background concentration of the metal
X in soil, expressed in ppm (μg per gram dry weight).

P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE
[X]soil (ppm)

Cr
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
40

Co
7
5
5
6
5
5
6
6
6
8
9
9
6
7
8
8
5
9
9
6
5
8
1
6
9

Ni
1
—
—
—
—
—
—
—
1
—
—
—
—
—
—
—
—
—
—
—
—
—
—
2
22

Cu
15
16
15
15
15
15
16
17
21
27
31
30
29
28
30
31
28
33
32
26
22
30
8
33
13

Zn
260
286
264
263
325
392
414
349
367
217
244
248
205
199
243
243
160
230
187
178
200
201
37
35
41

As
233
293
384
324
213
173
233
253
387
253
319
287
221
216
397
276
244
266
221
132
109
176
68
557
7

Sb
238
238
213
250
163
119
250
200
250
138
175
—
—
124
175
138
125
138
138
115
—
163
—
—
1

Pb
698
789
752
742
743
824
749
944
1124
715
753
675
705
719
691
722
451
632
671
597
557
705
168
276
9

7.5.4. Structure determination by XRD
Mineralogy of the samples was studied by X-ray diffraction (XRD) for phase
identification, with the support of the compositional analysis by WDXRF. In the X-ray
diffraction patterns were identified the main crystalline phases found in the wastes. Table
7.20 summarizes the semiquantitative estimates over the crystalline fraction of the wastes,
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4

1

1 <1
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7
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P9 W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 PA PE

Table 7.20. Phase minerals detected by X-ray powder diffraction of the specimens collected in the pit (P1–P9) and the sand dykes (W1–W13) located in El
Descargador tailings dam, Peña del Águila (PA, fine fraction of the deposit), and La Peraleja (PE, overall fraction of sand dyke). Abundances (wt.%) are
semiquantitative estimates over the crystalline fraction of the sample, on the basis of the relative intensity ratio (RIR) method.

on the basis of the relative intensity ratio (RIR) method. A computed amorphousness is
also included, given that diffraction power of the prevailing crystalline phases were
different in each case.
The main categories of crystalline compounds found in wastes were: silicates (26–
91%, with an average of 71%), sulfates (3–70%, with an average of 16%), carbonates (≤
10%, averaging 2%), oxides (1–32%, averaging 10%), and sulfides (up to 12%, with a
mean of 3%). Computed amorphousness ranged 20–37%, with an average of 29%.
Sulfides, sulfates, and oxides share a common space in these mine and metallurgical
wastes, with different concentrations depending on the degree of weathering and the
nature of the products rejected in every waste dump.
7.6.

LEACHING TEST

Leaching experiments of post-flotation wastes were performed to evaluate the
environmental impact of these materials, as well as to explain the influence of pH and
electrical conductivities (EC) on its rheological pattern. Specimens (5 g) were leached in
50 mL of purified water in capped polypropylene tubes by orbitally shaking the samples
at room temperature for 24 hours, according to the leaching test DIN 38414-S4 (DIN,
1984). Once the leaching period had elapsed, the pH and EC values were determined with
a Crison GLP 22 pH meter (Crison Instruments S.A., Barcelona, Spain) and a Crison GLP
32 conductimeter, respectively.
Table 7.21 summarizes the results of the leaching tests performed on the wastes.
Regarding pH and EC, only post-flotation wastes P1, P2, and PA met the waste
acceptance criteria to be landfilled, because leaching limit values of pH for the acceptance
of waste in landfills should range 6–13, according to Marguí et al. (2006) and Perera et
al. (2005). Marguí et al (2006) also reported a limit of 50 mS/cm for EC. All the leachates
had a lower value for this parameter.
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Table 7.21. pH and EC results of the leaching tests conducted on the specimens collected in the
pit (P1–P9) and the sand dyke (W1–W13) located in El Descargador tailings dam, Peña del
Águila (PA, fine fraction of the deposit), and La Peraleja (PE, overall fraction of sand dyke).

P1
P2
P3
P4
P5
P6
P7
P8
P9
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
PA
PE

pH
6.96
6.00
5.95
5.99
5.74
5.59
5.44
5.26
5.53
3.27
3.44
3.33
3.44
3.35
3.18
3.11
3.45
3.32
3.37
3.60
3.49
3.56
7.95
3.74

EC (mS/cm)
4.46
8.63
5.45
6.24
3.92
7.23
5.20
10.10
8.24
2.56
2.50
2.94
2.25
1.35
2.68
1.14
2.36
2.45
0.49
2.73
2.44
3.78
11.08
3.19
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CHAPTER

8

Discussion

8.1.

THE YIELD-STRESS DEBATE

In the words of Barnes (2007), “the argument with respect to yield stress was for
those structured liquids that flow readily at high shear stress, but appear to have a critical
stress below which no flow takes place”. This author emphasizes that, although equations
that contain yield stresses (Bingham, Casson, and Herschel-Bulkley models) give very
good descriptions of the flow behaviour above the ‘yield stress’, to say that there is no
flow at all below this value is not correct. Nowadays, mathematicians use techniques to
model the flow of yield-stress fluids—such as concentrated suspensions—introducing a
very high but finite viscosity at low stresses.
In the past, controlled-stress rheometers were unable to apply very low stresses and
measure very low shear rates. Nevertheless, in the current study we work with shear rates
below 10–2 1/s, which is the lowest shear rate that one could visually detect during normal
observation in engineering situations. This is why we have no doubt of its practical
existence.
8.2.

MINING PRACTICE STANDARDS AND TAILINGS DAM SAFETY

As a consequence of the Samarco tailings dam collapse (see Figure 8.1), the
International Council on Mining and Metals (ICMM), an industry organization composed
of 23 major mining companies, has recently issued a position statement on “Preventing
catastrophic failure of tailings storage facilities” (ICMM, 2016). Among the mining
practice standards set up by this organization, nothing has to do with the conclusions
achieved by a panel of senior experts, who stated that “the mining industry cannot
continue business as usual, but rather must abandon the disaster-prone practice of
dumping wet tailings in surface dams” (http://www.wise-uranium.org/mdiss.html).

Figure 8.1. Catastrophic failure of the Samarco tailings dam (Brazil, Nov. 5, 2015), owned by
Australian mining giant BHP Billiton.
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A recent report (Bowker and Chambers, 2015) notes that catastrophic tailings spills
are occurring with increasing frequency around the world. The study reported 33 serious
dam failures in the period 1999–2009 and says that the increasing rate of tailings dam
failure is propelled by modern mining practices, particularly the size of tailings
management facilities—over 5 Mm3. Such large ponds have grown to allow mining of
lower grades of ore. As mining companies cannot secure insurance to cover the costs of
catastrophic failures, economic and ecological losses are non-recoverable or recoverable
by public funds.

8.3.

TAILINGS FLOW SLIDE CALCULATIONS

The tailings flow slide calculator available on the website (http://www.wiseuranium.org/ctfs.html) determines the extent of a flow slide of liquefied mill tailings. This
analysis model considers some key variables, such as the tailings properties, the dam wall
height and the angle of the slope. Eventually, the presence of external forces—a heavy
rainfall or a seismic ground acceleration—will trigger the avalanche response.
The main parameter to assess is the threshold shear stress required for flow to occur.
In this study—since a very sensitive rheometer was used to generate the results—the
lower yield stress was the threshold value, according to Figure 8.2. Although the flow
slide calculator uses the Bingham model, the flow pattern of the slurries treated in this
work are better described with the Herschel-Bulkley model (see the continuous rate sweep
experiments in Section 6.1.3.3.2.2). This is not an issue, because both yield stresses σy
have the same rheological meaning, and the Bingham plastic viscosity η can be equated

Figure 8.2. Shear stress – shear rate plot illustrating the yielding response (Boger, 2009).
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with k /
using the following Bingham (Equation 8.1) and Herschel-Bulkley
(Equation 8.2) expressions:
σ

(8.1)

σ

(8.2)

The estimates considered in Table 8.1 use the left limit of the shear-rate range to
calculate the new pseudo-Bingham slope η in the Equation 8.1. Unit weight (weight per
unit volume, or specific weight) values are computed considering the particle density of
the wastes ρp and the solid mass fraction of the slurry (60%).
Table 8.1. Estimates of the tailings properties for the specimens collected in the pit (Pi) and the
sand dykes (Wi) located in El Descargador tailings dam. From left to right: lower yield stress σy,
consistency k, power-law index n, left limit of the fitting model range that ensured the lower yield
stress , equivalent Bingham plastic viscosity η, particle density ρp, and unit weight.
Sample
P1
P2
P3
P4
P5
P6
P7
P8
P9
Average
W1
W2
W3
W4
W5
W6
W7
W8
W9
W10
W11
W12
W13
Average

σy (Pa) k (Pa.s)
8.59
2.52
4.50
0.28
0.66
0.13
1.63
0.12
14.64
12.86
1.72
0.13
1.85
0.98
4.89
0.36
8.32
1.36
5.20
43.75
5.96
23.08
2.07
40.11
1.14
64.35
0.38
79.86
2.95
53.20
3.84
16.54
3.28
23.30
1.64
70.19
13.73
10.49
3.45
35.83
2.86
13.42
1.21
14.03
2.31
37.55

n
0.53
0.76
0.87
0.90
0.37
0.88
0.80
0.67
0.52
0.24
0.46
0.74
0.97
1.10
0.66
0.65
0.69
0.83
0.58
0.61
0.67
0.62

(1/s) η (Pa·s) ρp (g/cm3) Unit weight (kN/m3)
0.82
2.76
3.01
22.07
0.72
0.30
2.91
21.43
0.43
0.14
2.93
21.59
0.53
0.12
2.94
21.63
0.63
17.21
2.96
21.78
0.17
0.16
2.92
21.54
0.18
1.39
2.96
21.74
0.2
0.62
2.86
21.16
0.14
3.48
2.85
21.11
2.91
21.56
6.45
1.45
3.06
22.35
14.46
0.48
3.04
22.24
14.47
0.57
2.97
21.83
13.48
0.35
3.09
22.56
10.89
3.75
3.14
22.81
17
1.46
2.91
21.48
18.88
1.18
3.01
22.07
1.2
1.55
3.12
22.69
16.44
8.53
3.14
22.86
11.81
1.21
3.01
22.08
1.36
2.53
3.03
22.17
0.52
1.50
3.03
22.17
0.51
2.99
2.85
21.12
2.12
22.19

Along with σy, η, and unit weight averages for Pi and Wi sample sets, other input
geometric parameters are considered in Table 8.2 for El Descargador tailings dam.
Although 40 m is the maximum dam height, we entered 30 m as the mean height of
tailings material above ground before liquefaction. The bed slope is the average slope of
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the ground surface downstream from the tailings dam to the Mar Menor lagoon, expressed
as percent vertical versus horizontal (%V:H).
This model presents a high uncertainty in the results. Among its main drawbacks:
—The calculator is applicable to laminar flow. However, the low yield stresses and
viscosities found in the laboratory would cause turbulent flow instead.
—The calculator does not take into account the frictional resistance from the
irregularities of the downstream bed, overestimating—when predicted—the inundation
distance and final freeze time.
Table 8.2. Input data, output options, and results from the tailings flow slide calculator available
on the website (http://www.wise-uranium.org/ctfs.html). Rheological properties were linked to
the calculator for the averaged specimens collected in the pit (Pi) and the sand dykes (Wi) located
in El Descargador tailings dam.
Sample set
(Input data)
Geometry
Initial height of dam (m)
Bed slope (%)
Tailings properties
Total unit weight (kN/m3)
Bingham yield stress (kPa)
Bingham plastic viscosity (kPa·s)
(Output options)
Time step width (s)
Maximum number of time steps
X step width (m)
Minimum number of X steps
(Results)
Maximum velocity (m/s)
Average velocity (m/s)
Maximum run-out distance (km)
Time to achieve the maximum run-out distance (h)
Final freeze time (h)

Pi

Wi

30
2.1

30
2.1

21.56
0.005
0.003

22.19
0.040
0.002

600
5
1000
7

600
5
1000
7

11.0
7.5
—
5.3
21.3

18.6
16.2
—
2.7
5.3

The model also produces a computed sequential animation of the flow slide, whose
intermediate contours in three time steps are drawn in Figure 8.3. Summarizing the
numerical and graphical results:
—The unaltered fine-grained sediments Pi took longer time to reach the final
position, thus achieving a longer inundation distance—although not predicted by the
model.
—The weathered coarse-grained slurries Wi were able to store more potential energy
due to its higher yield stress, developing higher kinetic energy when the dam failed.
Instead, it reached the final equilibrium state earlier and achieved a shorter run-out
distance.
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When a whole dam collapses, huge amounts of tailings may be released in a slurry
wave. For instance, the liquefaction failure to the East of El Descargador dam continued
up 20 m the neighbouring hillside. This fact is coherent with the 40–67 km/h of maximum
velocity and 27–58 km/h of average velocity, predicted by the calculator. Rodríguez and
Oldecop (2011) reported average speeds of the same order.
As Sierra de Cartagena – La Unión has a hot semi-arid climate, failure events are
more likely during occasional heavy rainy periods. In fact, they all have been reported in
or close to October, the rainiest month.

Figure 8.3. Plots showing the flow slide depth vs. distance from dam toe, resulting from the
tailings flow slide calculator available on the website (http://www.wise-uranium.org/ctfs.html),
for different materials coming from El Descargador deposit: (a) pit profile Pi and (b) sand dykes
Wi.
Discussion
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8.4.

HYPOTHESIS OF THE FAILURE MECHANISM IN EL
DESCARGADOR TAILINGS DAM

El Descargador tailings dam is a prime example of static liquefaction that ended up
in five flow slides, on 14/10/1963, while operating the froth-flotation plant located 100
m upstream (see the schematic representation in Figure 8.4). The height of the main slip
is 27 m. The overall 50000 m3 of slumped mass covered an area of 4 km2, affecting the
Cartagena – Cabo de Palos highway, the Cartagena – Los Blancos railroad, and the
Matildes rambla. The polluted acid water also reached the Mar Menor lagoon.

Figure 8.4. Geological section through El Descargador area.

On 2/10/1963, Cabo de Palos weather station recorded a precipitation event of 63
mm. That was the closest rainy day. It is assumed that all the strata were saturated and
hydraulically connected the day the dam failed. Zandarín et al. (2009) showed that, under
the action of rainstorms, phreatic level rises quickly due to the presence of capillary water,
falling slowly after the end of the event because of the low hydraulic conductivity of the
materials. In practice, capillary phenomena cause the saturation degree to stay high in the
long-term context, even in semi-arid climates.
Although static liquefaction is presumed to be the leading failure mechanism, this
does not exclude the influence of dynamic liquefaction over the working life of the dam.
For instance, pieces of machinery migth cause vibrating loads, and small seismic activity
could induce ground motion.
Administrative authorities allowed the owner company to carry out its mining
activities on 24/3/1954. As the deposit reached a height of 42 m in 9.6 years, that implies
a raising rate of 4.4 m per year, slightly lower than the recommended limit of 5 m per
year for an upstream tailings dam (see Table 1.2), to avoid pore pressure build-up.
8.4.1. Static liquefaction
The stormy event and the excesive amount of post-flotation wastes discharged in a
short time scale eventually caused the static liquefaction by rising the water pore pressure.
The presence of clastic dykes, sand volcanoes, and extruded sheets of liquefied sediments
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are the possible phenomena that weakened the dam stability. These dewatering structures,
formed by granular saturated material ascending to the surface, crosscut the original
strata. The expulsion of the pore water from the sediment beds caused an excessive water
level rise in the pond. Consequently, the phreatic surface within the embankment
overflowed and the crest, slope, and toe of the dam became unstable by the erosion,
altering the equilibrium of forces and eventually releasing the stress by the flow slides
(see the circular faults in Figure 8.5). Figure 8.6 illustrates the stages of the process.

Figure 8.5. Plant view of El Descargador tailings deposit, showing the scarps of four slope
failures and the extent of the slumped masses of tailings (Oldecop et al., 2011).

Failure by static liquefaction is interpreted based on the following field evidences:





presence of water-escape structures on the five sliding surfaces and in the
upper lagoon
the main slip is located to the side where the drainage pipe is
the drainage pipe was used to remove water by siphoning. This facility
appeared jammed with tailings slurries.
the drainage pipe was the only drainage system of the dam
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Figure 8.6. Liquefaction process in a tailings deposit (modified from Bazán, 2015): 1) Foundation
soil, 2) sand, 3) silt, 4) free water. (a) Stable structure, (b) expulsion of pore water causes the
movement of fluid up from lower layers, (c) dewatering structures—dykes and volcanoes—
incorporate sand, (d) failure resulting from erosion of the crest and downstream slope by
overtopping. τ is the stress, Su is the residual shear stress, and γ is the deformation.

208

Discussion

8.4.2. Dynamic liquefaction
Regarding the predisposition to fail due to seismic activity, only in the year the dam
failed, 330 earthquakes were registered in the Iberian Peninsula, of which 56 were
superficial quakes (Munuera, 1964). These events caused a cyclic mechanical stress that
contributed to the compaction of the material and the rise of the pore pressure, what
helped to liquefy the bottom layers and thus to break the talus slope at various points.
Table 8.3 lists the main seismic events registered near the study area a few months before
the failure event.
Table 8.3. Seismic events with magnitude larger than 3 near the mine district area in the period
1/1/1963–14/10/1963 (Mezcua and Marínez, 1983).
Date
15/01/1963
19/01/1963
25/01/1963
18/03/1963
30/05/1963
11/09/1963

Location
Abanilla
Abanilla
Santa Pola
Barinas
Lorca
Berja

Depth (km)
—
—
—
20
5
—

Magnitude
3.3
3.3
3.4
3.4
4.0
3.1

Intensity
V
VI
V
—
V
—

As an example of the seismic vulnerability of the area, Figure 8.7 depicts the lines of
the same intensity degree—as felt by people of the included villages—for the registered
effects of the 1/11/1960 earthquake. The epicenter of this seismic event was located to
the east of Cabo de Palos, with hypocenter at a depth of 60 km, a magnitude of 4.0, and
a intensity of V.
Bazán (2015) performed laboratory shear tests on medium- and coarse-grained
materials coming from El Descargador tailings dam, proving its different deformation
responses under successive cycles of loading. These experiments exemplified that the
higher the void ratio of the sand, the more readily liquefaction will occur.
8.4.3. Factor of safety
The factor of safety F is defined as the ratio of the available shear strength τf to the
shear strength τmob that must be mobilized to maintain a condition of limiting equilibrium
along the slip surface (Knappett and Craig, 2012). It is common practice to use the
empirical guidelines of Table 8.4 for slope stability assessments.
Table 8.4. Empirical guidelines for the different factors of safety.
Factor of safety
< 1.00
1.00–1.25
1.25–1.40
> 1.40

Guidelines for limit equilibrium of a slope
Unsafe
Questionable safety
Satisfactory for routine cuts and fills
Questionable for dams, or where failure would be catastrophic.
Satisfactory for dams
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Figure 8.7. Isoseismal map for the 1/11/1960 earthquake, illustrating the attenuation pattern of
the intensity from the epicenter located to the east of Cabo de Palos (Mezcua, 1982).

Bazán (2015) used several analysis models to compute the factors of safety with
different hypotheses and boundary conditions, finding an average value of 0.99 (0.83
when added the seismic factor of the area), which indicates the constant instability of the
dam along its operating period. Safety against static soil liquefaction demands a factor of
at least 1.50 (European Commission, 2009).
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Conclusions

Along this doctoral thesis, most of the rheological work involved the answers to the
following questions:







How is the rheometer and which are its physical limitations?
How is my sample? How to prepare it and load it properly?
How to choose the correct rheometric sensor?
Which are the right guidelines to perform each flow, transient, or dynamic test?
How to evaluate the results and present the rheograms?
Why to do each type of test?

The final inquiry is perhaps the most difficult to answer. In the discussion chapter,
we linked the failure mechanism of tailings dams to the rheological properties of the
materials constituting its embankments. In this sense, the critical yield stress σy of the
slurry can be assimilated to the concept of residual shear stress Su in soil mechanics, as in
both flow and dynamic loading.
9.1.

PARTIAL FINDINGS

The results achieved lead to the ensuing conclusions and can be grouped in the
following categories.
9.1.1. Previous tests and fixtures comparison
Before performing each type of test, we established the following steps to prepare
most of the slurries: a) orbital shaking overnight, to ensure a complete mixing of the
tailings with water; b) pre-shear conditioning of the slurry at a shear rate of 100 1/s for
30 s, to erase the previous shear history; and c) equilibration of 300 s applying a constant
oscillation stress of 0.1 Pa at a frequency of 1 Hz, to restructure the material. Equilibration
step was inappropriate in peak hold tests. Conditioning step was unsuitable in stress
relaxation tests.
Once the basic measurement procedures have been reviewed and established, the
overall study confirmed that vane geometry was the best fixture for flow tests (it avoided
wall slip in highly concentrated systems), and 60 mm parallel-plate geometry was a good
alternative to enhance the future understanding of transient and dynamic tests. It is worth
having into account the gap limitations for both tools. To measure a correct viscosity of
the material, Barnes (2000) recommended a viscosimeter gap more than 5–10 times larger
than the largest particle.
Although a wide-gap vane sensor records smooth rheograms of slurries with particle
finesses D90 of up to 750 µm, at shear strain rates higher than 70 1/s appears an artifactual
transition from a laminar to a secondary flow. Among its additional advantages: 1)
continuous stress sweeps attained highly enough yield stresses; 2) steady-state stress
sweeps drew a higher and smoother plateau than in the standard-gap case; 3) good stress
relaxation results at an applied strain of 0.1%. Among its further drawbacks: 1) overshoot
stress resulted gap-size dependent; 2) it described a shear-thickening artifact in
continuous rate sweeps at rates higher than 70 1/s; 3) shorter linear viscoelastic region
(LVR) in dynamic tests.
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9.1.2. Rheometrics of concentrated solid suspensions
Once explored the vast array of rheological tests available, it is confirmed that the
yield response of a mineral slurry can be followed by flow, transient, or dynamic tests.
Although the usual experiment to determine the yield stress is a continuous stress sweep,
the same parameter measured under dynamic conditions—with a wide-gap vane rotor—
diminished fivefold. This result suggests the particular vulnerability of the tailings dams
to cyclic loading, which can also be investigated by creep-recovery tests.
Herschel-Bulkley model fitted the stress-rate response of the Pb-Zn post-flotation
slurries. This approach is a yield power law model, with three parameters, physically
inconsistent units, able to fit the shear-thinning / shear-thickening response, and
increasingly used for engineering purposes. As n < 1 for most of suspensions, they can
be considered as shear-thinning fluids in the ranges studied, with averagely lower values
for the sand-dyke Wi slurries than for the trial-pit profile Pi samples. Carreau-Yasuda was
the best viscosity model to describe log η vs log curves.
It is feasible to record the characteristic viscoelastic spectrum of the dispersions,
sweeping logarithmically the frequency from 102 to 10–3 Hz. This information can be
helpful in understanding the material response in areas subjected to strong and repeated
seismic events.
9.1.3. Concentration curves
In this research, we built curves of yield-stress response versus concentration, by
computing onset points on continuous stress sweep curves. The study focused on two
different series of slurries: a fine-grained (D90 = 40 µm) material and a coarse-grained
(D90 = 756 µm) one. The concentration limits depended on the finesses of the granular
material prepared, ranging 45–65% for fine-grained suspensions and 52–75% for coarsegrained ones. The latter reached the Newtonian left limit—negligible yield stress—at
higher concentrations, but admitted higher solid mass fraction with intimate mixing of
tailings and water.
Pb-Zn post-flotation wastes from the Sierra de Cartagena – La Unión exhibited an
exponential response in a concentration range similar to that of Cu mining (Boger, 2013),
due to the similarity of both mineral industries. Concentration curves revealed the
importance of keeping the tailings in the form of cake, because free water is the major
responsible of the physical instability of tailings storage facilities. Furthermore, materials
from the sand dykes presented a relative easiness to yield, even at higher concentrations.
9.1.4. Rheology of unaltered and elutriated sediments
Unaltered fine-grained sediments from the trial-pit profile (Pi samples) exhibited
lower extrapolated yield stresses (Table 7.9), clear overshoot stress (viscosity bifurcation)
and lower thixotropic effects. Shear-thinning response and yield stress presented a linear
correlation.
Liquified sediments (Figure 9.1 is an example belonging to Brunita tailings dam)
from the failure surface (Wi samples) had longer time-effects and stronger shear-thinning
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behaviour. Its high thixotropy prevents the typical negative correlation between yield
stress σy and power-law index n—a usual parameter of the shear-thinning response.

Figure 9.1. Brunita tailings dam. Photo taken 21/02/2017. Layering disruption after deposition
by local liquefaction of the material.

9.1.5. Influence of pH and EC on the yield stress
A coarse-grained bulk sample (D90 = 391 µm) from the Peña del Águila deposit was
used to study the influence of pH on the yield stress. We selected this sample because of
its highest pH in the leaching test. Each slurry was prepared at a solid mass fraction of
60%, using 37 wt.% HCl as the concentrated acid to lower pH gradually from 7.64 to
6.08. This short pH decline almost halved the yield stress values (determined by
continuous stress sweeps). The result suggests the negative influence of acid mine
drainage on the physical stability of the dams.
A coarse-grained bulk sample (D90 = 756 µm) from La Peraleja deposit was used to
study the influence of EC on the yield stress. We selected this sample because of its
availability and relatively low EC in the leaching test. Each slurry was prepared at a solid
mass fraction of 60%, using MgSO4 as the electrolyte to increase EC gradually from 2.36
to 19.06 mS/cm. Small additions of magnesium sulfate quickly raised the yield stresses,
stabilizing them at around tenfold the baseline value. The result agrees with the
mechanical stability obtained by the iron-rich hardpan layers formed by chemical
weathering on the mine tailings surface. Nevertheless, a rainstorm is capable to threaten
suddenly the stability of the embankments by the fast dissolution of the crusts.
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9.1.6. Particle size distributions
Froth-flotation process involves comminution of the rocks to a particle size less than
100 µm. In practice, the tailings studied had a silt to sand texture, with a D90 < 1.3 mm,
what made laser diffraction an ideal technique to determine its particle size distribution
(PSD). The variety of profiles observed in the frequency curves of the PSD reports
explains the complexity of the rheological results, strongly dependent on the size and
shape of the slurry particles.
According to D90 values, the distributions were of medium fineness (10–1000 µm),
with an average of 538 µm. The exception was W6, with a coarse fineness (D90 = 1258
µm). Regarding El Descargador tailings dam, Wi samples were twice coarser—on
average—as the Pi samples, what proved the susceptibility of those materials to
liquefaction processes.
Textural ternary plot displayed the specimens from the failure surface and sand dykes
in the sand to sandy-loam classes. Unaltered materials from the trial-pit profile ranged
from loamy-sand to silt-loam classes.
9.1.7. Microscopic appearance
Stereomicroscopic observation of the specimens from the pit profile revealed the
presence of dark gray particles of minerals such as siderite, magnetite, and pyrite. In
certain specimens appeared white compact fibrous masses of sulfates, such as epsomite
and gypsum, coming from the quick weathering of the primary minerals. Specimens
collected in the failure surface exhibited deeper ochre tonalities, due to the presence of
goethite, jarosites, and other secondary minerals.
Examination under scanning electron microscopy (SEM) disclosed the different
particle shapes, depending on its degree of weathering and fluidisation. Particles from the
trial-pit profile were angular (with sharp edges) or irregular (lacking any symmetry).
Particles from the failure surface were rounded (similar length, breadth, and thickness) or
granular (irregular but with similar dimensions).
9.1.8. Thermogravimetric analysis
Thermogravimetry – Mass spectrometry (TG–MS) followed the decomposition
pattern of these mineral aggregates, detecting the presence of evolving H2O (free,
crystalline, constitution, and from burned organic matter), HCl (linked to organic and
inorganic fractions), CO2 (from burned organic matter and carbonates), and SO3 (from
organic matter, sulfides, and sulfates).
Decomposition profiles of the original strata and the sand dykes from El
Descargador were different. The latter had a lower presence of sulfides and higher
presence of sulfates, as in the sand dyke from La Peraleja tailings dam.
The sample collected in Peña del Águila deposit denoted a strong amount of organic
matter, the presence of labile sulfur, sulfides, sulfates, and a strong evolving response of
HCl.
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9.1.9. Compositional analysis by WDXRF
Elemental composition in the atomic number range of 9–92 let us know the negative
environmental impact of these materials. Tailings dams consisted of Fe and Si in its main
fraction (10–100%); S, Al, Mg, Ca, Zn, Pb, Mn, Cl, Na, As, K, and Ti in its minor fraction
(0.1–10%); and Ba, P, Cu, Zr, Sb, Ag, V, Co, Cr, Ni, Sr, Nb, Rb, and Y in its micro
fraction (1–1000 ppm).
Noteworthy was the presence of Zn, Pb, Mn, and As in the minor fraction, as well as
the occurrence of Cu, Sb, Ag, V, Co, Cr, and Ni in the micro fraction. Because of the
exposure of tailings dams to weathering and aeolian processes, the dispersion of trace
metals with health significance are a noticeable source of atmospheric and hydrologic
pollution.
The concentration of metals in post-flotation wastes compared to local background
soils revealed a strong enrichment for Pb, As, Zn, and Sb; a moderate enrichment for Cu;
and a poor enrichment for Co, Ni, and Cr. All this proved the relatively high presence of
these pollutants in the waste deposits, creating a situation of hazard at a local and regional
scale.
9.1.10. Other physicochemical insights
Particle density determination with a gas stereopycnometer showed values ranging
2.85–3.14 g/cm3.
CHN analysis confirmed the presence of carbon in the original strata of El
Descargador and the sample from Peña del Águila, linked to the presence of organic
matter.
Mineralogy of the samples was semiquantitatively studied by X-ray diffraction for
phase identification. Silicates, sulfates, carbonates, oxides, and sulfides were the main
categories of crystalline compounds found. The estimated concentrations of sulfides,
sulfates, and oxides depended on the degree of weathering of the tailings.
Leaching tests performed on the samples showed that—regarding pH and EC—most
of the post-flotation wastes did not meet the waste acceptance criteria to be landfilled.
Although EC values were safe (lower than 50 mS/cm), pH values were lower than 6,
bearing the inherent risk of acid mine drainage (AMD).
9.2.

OVERALL FINDING

This research successfully achieves the main goal proclaimed in the title: to describe
the rheology of Pb-Zn post-flotation wastes deposited in the tailings dams abandoned in
the Sierra de Cartagena – La Unión. Throughout the study, an extensive review of the
rheometric possibilities of the ensemble AR-G2 rheometer – test fixtures – concentrated
tailings has been explored, obtaining the key parameters governing the rheological
behaviour of the suspensions.
Focusing on the yield response, the influence of particle size and shape, pH, and EC
has been examined. It is worth emphasizing that an eventual structural breakdown of the
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tailings is accompanied by shear thinning and thixotropic effects, what often exacerbates
the adverse consequences of a flow failure—maximum velocity and maximum run-out
distance of the slumped mass. Depending on the free water available, the threshold yield
stress for the field materials to move may be surprisingly low, no matter whether those
materials underwent previous liquefaction or not.
Characterization of the physicochemical properties of the samples confirmed the
latent hazard of the tailings deposits at a local and regional scale. These structures are
particularly devoid of vegetation and exposed to weathering and aeolian processes, which
make them the main pollutant sources in the area.
Given that the critical yield stress σy of the slurry can be assimilated to the concept
of residual shear stress Su in soil mechanics—as in both flow and dynamic loading—,
rheological studies may complement triaxial testing in the solution of stability problems.
Triaxial apparatus requires a higher investment, more sample amount, and the analyses
are far more time-consuming and expensive than rheological determinations.
Figure 9.2 visualizes the relationships between the information emerged from the
rheological studies involved with structural breakdown of the slurries, compared to the
analysis of the field phenomena that lead to a flow failure. On the one hand, static
liquefaction studies can be addressed by both flow and creep-recovery tests. On the other
hand, dynamic liquefaction process is related to both dynamic and creep-recovery tests.
Summing up, rheological research may help to analyze the complex triggering events that
lead to form a catastrophic breach in a tailings dam.
The results have confirmed the preliminary research hypothesis, i.e. that—appart
from flow studies—dynamic and transient experiments open new research perspectives
to prevent the tailings dam instability in semiarid areas affected by seismic activity. As
far as the second working hypothesis is concerned, which questions that yield-stress lab
data are extrapolable to the scale of the tailings management facilities (TMFs), the usage
of rheological results as input data in a flow-slide model—convenientely fitted and treated
with caution—predicts coherent values of maximum velocity and maximum run-out
distance. Therefore, it is verified that the second working hypothesis fails.
9.3.

FUTURE RESEARCH

This research can help to manage the long-term stability of the tailings storage
facilities in this particular semiarid climate, avoiding catastrophic events derived from the
sudden rise of free water combined with ground motion. Perspective and opinion of the
stakeholders that could be disproportionaly affected should have an increasing role on the
decision-making processes involved with the area. Not surprisingly, Alcolea et al. (2015)
proved that abandoned mining wastes in the Sierra Minera de Cartagena – La Unión are
currently a background source of pollutant particles by atmospheric transport.
Below are listed some rheological research perspectives that yet remain to be further
explored:
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Aiming at phytostabilisation, to study how the rise of organic matter in the
tailings would affect its stability.

Figure 9.2. Flow diagram representing the relationships between the rheological work at the
laboratory scale (blue rectangles) and the field phenomena (orange rectangles) that lead to explain
the tailings dam failure (red rectangles). This condition is reached when the effective stress
becomes zero on contractive and saturated tailings. Additionally, if permanent loading τ0 is higher
than the residual shear stress Su, a sudden release of tailings to the environment will take place.
Dashed lines link each liquefaction phenomenon to the corresponding rheological test.
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At a certain free water level, to map the residual shear stress of the TMFs
throughout the Sierra Minera or any other mine district.



To obtain viscoelastic spectra of any type of material (with different PSD,
particle shapes, mineralogy…) in any physicochemical situation (pH, EC…) as
its rheological fingerprint.



To estimate the maximum distance that the slumped mass can reach in each
topographical situation, establishing the degree of hazard for a particular
rainstorm or seismic event.



To elucidate previous catastrophic flow failures by explaining the susceptibility
of its materials to yield.
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.ABSTRACT

It is important to know the mechanical behaviour of mine slurries: (1) to help
minimize tailings-dams failure events; (2) to establish protection zones for those sensitive
areas (communities, industries, ecosystems) which might be affected by the structural
failure of tailings dams.
This study deals with the determination of yield stress in sediments coming from the
post-flotation deposits located in the Sierra de Cartagena – La Unión mining district. A
comparative analysis of the different sensors was also performed, in order to choose the
most suitable geometry to characterize the rheological properties of the sludge.
The analyzed sample was taken close to the Cabezo Rajao, a hill registered as a
historical industrial site by the Spanish Government. This place constitutes an
abandoned mining landscape since 1991 and is surrounded by tailings deposits. For the
ensuing analyses, sample was air-dried, carefully crushed, homogenized, and passed
through a 125-μm sieve.
A particle size distribution of the fraction passing through this sieve, measured by
laser diffraction, showed a silt-loam textural composition, with 7% of sand-, 81% of silt-,
and 11% of clay-sized particles.
Rheological tests were performed on a suspension with a solid loading of 40%, using
four different rheometric sensors: DIN, vane, and helicoidal rotors, and cross-hatched
parallel plates. Dynamic tests were performed with each device to identify the linear
viscoelastic region (LVR) and to determine the yield stress, which is a key parameter to
explain the rheological behaviour of mine slurries.
Measurements were performed at 25 ºC, using a controlled-stress shear rheometer.
A pre-shear of 60 s at 1 1/s was applied at the start of every experimental protocol to
erase previous shear history during sample loading, thus ensuring reproducible initial
conditions. Once the pre-shear stage had finished, the tests started immediately, to avoid
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a restructuring of the mineral suspension. A set of six repetitions were made in order to
characterize the repeatability of the method.
It is essential to determine yield stress in complex and structured fluids, since this
magnitude enables to know the mechanical stability of dispersions. Yield stress is the
minimum shear stress required to start the flow. The tests were conducted by applying
to the sludge an oscillating stress at a 0.5 Hz frequency, plotting elastic modulus (G’)
versus oscillating stress, providing evidence to choose the best geometry in determining
yield stress.
Results disclosed the presence of a LVR in all cases—with the exception of crosshatched parallel plates—up to a critical stress point (yield stress) in which a significant
reduction of G’ happened, what determined the start of flow for the suspension.
Vane geometry recorded the broadest LVR (0.01–0.3 Pa of oscillating stress). In this
way, yield stress moved to higher values, avoiding wall slip and segregation of the larger
particles to the bottom. These evidences showed that vane geometry was the most
appropriate device to determine yield stress in concentrated mineral suspensions.

Keywords: Rheology, yield stress, mine tailings, Sierra de Cartagena – La Unión.
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Appendix 2
Fact sheets of the tailings dams sampled
Adapted from IGME (2011).

IGME code: 977 II 4 027
Municipality: La Unión
Name: El Descargador
Paraje: El Descargador
Category (according to MOPU, 1996): Large dam
Tailings area / storage volume / dam height: 25 500 m2 / 370 000 m3 / 40 m
Inventory date: 30/6/2011
Drainage basin: Segura
Mining district: Sierra de Cartagena – La Unión
Sheet name at scale 1:25 000 (according to SIGNA, 2015): 977 II Cartagena
Latitude and longitude: 37º 37' 2.54'' N and 0º 51' 42.53'' W
Geographical coordinates (Datum ETRS89, Projection UTM-30N) and altitude (in
masl): X: 688709 Y: 4165513 Z: 190.
Current situation:
Post-flotation tailings dam, with a main deposit and four subsequent stages of
construction. About 4 m away from the upper discharge line, there is a supernatant pond
which stores water in wet periods. It has mudslides to the West and North sides, and a
structural liquefaction flow failure to the East, which went through the valley sloping up
to the other side. The dam shows a high degree of intentional neglect and deterioration.
Mine sludge is characterized by its high amounts of Cr (369 ppm), Cu (302 ppm), Zn
(3466 ppm), As (1262 ppm), and Pb (4252 ppm). After a normalized leaching test (DIN,
1984), the solution had a pH of 3.30, an electrical conductivity (EC) of 3360 µS/cm, and
a high concentrations of Al (104 ppm), Cr (4 ppb), Co (96 ppb), Ni (168 ppb), Cu (472
ppb), Zn (61236 ppb), As (8 ppb), Se (19 ppb), Cd (411 ppb), and Pb (1829 ppb).
According to Plumlee et al. (1999) this solution is considered as Acid High-metal. See
Figures 11.1–11.6.
Other remarks:











Tailings come from underground mining labours of Pb-Zn ore deposits.
Hill side or off-valley facility
Upstream catchment area: 140 000 m2
Dimensions: 198 m long and 144 m wide
Progressive construction following the upstream method
Walls built with post-flotation wastes reinforced with wooden boards. The
average slope is 40º.
Foundation ground consists of sound micaschists, with an average slope of 7º.
Stability is compromised by the flow failure found to the East. This failure is 86
m wide and 127 m is the distance covered by the slid mass.
The dam shows efflorescent sulfate salts and ochre crusts all over its surface
The presence of sand segregation is indicative of the ability of the material to
liquefy
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Surrounding land use: Uncultivated, mining.

Potential failure triggers:



Rain in 24 hours > 182 mm
Peak ground acceleration > 0.08 g, according to the current Spanish seismic
regulations collected in the NCSR-02 (2003).

Vulnerable elements:




F-44 road, at a distance of 165 m.
F-43 road, at a distance of 175 m.
Renfe Feve line, at a distance of 180 m.

Figure 11.1. Aerial view of El Descargador dam (Google Earth perspective).

Figure 11.2. Profile view of El Descargador dam from the NW. Photo taken 23 February 2011.
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Figure 11.3. Mudslide in the North wall

Figure 11.4. West wall with several mudslides.
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Figure 11.5. Damburst of the East wall by flow failure.

Figure 11.6. Liquefaction deformation of sand. Photo taken 23 February 2011.
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IGME code: 978 I 3 022
Municipality: La Unión
Name: Peña del Águila
Paraje: Pantano Mercader
Category (according to MOPU, 1996): Large dam
Tailings area / storage volume / dam height: 35 980 m2 / 330 000 m3 / 12 m
Inventory date: 30/6/2011
Drainage basin: Segura
Mining district: Sierra de Cartagena – La Unión
Sheet name at scale 1:25 000 (according to SIGNA, 2015): 978 I Llano del Beal
Latitude and longitude: 37º 36' 16.36'' N and 0º 5' 8.96'' W
Geographical coordinates (Datum ETRS89, Projection UTM-30N) and altitude (in
masl): X: 691036 Y: 4164142 Z: 182.
Current situation:
Post-flotation tailings dam, with a main deposit and six subsequent stages of construction.
Decant pond has been drained out, creating a piping mechanism towards the highest
subsequent stage of construction, with the eventual collapse of the decant tower.
Additionally, sand segregation produced polyhedral structures. The dam shows a high
degree of intentional neglect and deterioration. The dam exhibits a mudslide to the West,
and a generalized wind and water erosion. Mine sludge is characterized by its high
amounts of Cr (254 ppm), Cu (97 ppm), Zn (3997 ppm), Cd (17 ppm), As (97 ppm), and
Pb (1861 ppm). After a normalized leaching test (DIN, 1984), the solution had a pH of
6.55, an electrical conductivity (EC) of 1964 µS/cm, and significant concentrations of Al
(26 ppb), Cr (0.2 ppb), Co (0.3 ppb), Ni (1 ppb), Cu (1 ppb), Zn (614 ppb), Cd (7 ppb),
As (0.7 ppb), and Pb (8 ppb). According to Plumlee et al. (1999) this solution is
considered as Near-neutral Low-metal. See Figures 11.7–11.12.
Other remarks:









Tailings come from underground mining labours of Pb-Zn ore deposits.
Hill side or off-valley facility. The dam is difficult to be accessed.
Upstream catchment area: 121 620 m2
Dimensions: 332 m long and 160 m wide
Progressive construction following the upstream method
Walls built with post-flotation wastes reinforced with wooden boards. The
average slope is 14º.
Foundation ground is an altered bedrock of conglomerates, with an average slope
of 12º.
Stability is currently compromised by the generalized flow failure found to the
West. This failure is 30 m wide and 70 m is the distance covered by the slid mass.
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Walls show cracks, erosion, scours, piping, and collapse. The reservoirs of the
dam show cracks, erosion, sand dikes, piping, collapse, and efflorescent sulfate
salts.

Potential failure triggers:



Rain in 24 hours > 179 mm
Peak ground acceleration > 0.08 g, according to the current Spanish seismic
regulations collected in the NCSR-02 (2003).

Vulnerable elements:




Inside the Regional Park of Calblanque, Monte de las Cenizas and Peña del
Águila. This is a Spanish Site of Comunnity Importance, defined in the European
Commission Habitats Directive (1992).
Inside the fluvial network of Magreras gully

Figure 11.7. Aerial view of Peña del Águila dam (Google Earth perspective).

Figure 11.8. Profile view of Peña del Águila dam from the NW. Photo taken 17 June 2016.
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Figure 11.9. Massive flow failure of the main deposit. Photo taken from the W on 17 June 2016.

Figure 11.10. Collapse due to piping failure in the main deposit. Photo taken from the NW on 17
June 2016.
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Figure 11.11. Piping detail in the highest subsequent stage of construction. Photo taken 17 June
2016.

Figure 11.12. Polyhedral structures on the highest subsequent stage of construction, formed by
sand segregation. Photo taken 17 June 2016.
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IGME code: 977 II 4 017
Municipality: Cartagena
Name: La Peraleja
Paraje: La Peraleja
Category (according to MOPU, 1996): Large dam
Tailings area / storage volume / dam height: 88 170 m2 / 500 000 m3 / 24 m
Inventory date: 24/3/2011
Drainage basin: Segura
Mining district: Sierra de Cartagena – La Unión
Sheet name at scale 1:25 000 (according to SIGNA, 2015): 977 II Cartagena
Latitude and longitude: 37º 36' 13.29'' N and 0º 53' 52.06'' W
Geographical coordinates (Datum ETRS89, Projection UTM-30N) and altitude (in
masl): X: 685568 Y: 4163923 Z: 123.
Current situation:
Post-flotation tailings dam, with a main deposit and two subsequent stages of
construction, all of them with decant ponds. The dam shows a high degree of intentional
neglect and deterioration. Mine sludge is characterized by its high amounts of V (228
ppm), Cr (276 ppm), Cu (113 ppm), Zn (454 ppm), As (205 ppm), and Pb (730 ppm).
After a normalized leaching test (DIN, 1984), the solution had a pH of 3.84, an electrical
conductivity (EC) of 851 µS/cm, and significant concentrations of Al (6365 ppb), Cr (0.3
ppb), Co (12 ppb), Ni (30 ppb), Cu (58 ppb), Zn (566 ppb), Se (1 ppb), Cd (8 ppb), As
(0.5 ppb), and Pb (90 ppb). Regarding the decant pond, physico-chemical characterization
of water exhibited a pH of 3.82, an EC of 5270 µS/cm, and the following metals: Al
(21720 ppb), V (0.3 ppm), Cr (0.9 ppb), Co (43 ppb), Ni (93 ppb), Cu (151 ppb), Zn (2780
ppb), Se (9 ppb), Cd (49 ppb), As (5 ppb), and Pb (47 ppb). According to Plumlee et al.
(1999) this solution is considered as Acid High-metal. See Figures 11.13–11.18.
Other remarks:











Tailings come from underground mining labours of Pb-Zn ore deposits.
Hill side or off-valley facility
Upstream catchment area: 708 440 m2
Dimensions: 430 m long and 300 m wide
Progressive construction following the upstream method
Walls built with post-flotation wastes reinforced with wooden boards. The
average slope is 40º.
Foundation ground is a sound bedrock of phyllites and quartzites, with an average
slope of 5º.
Stability is not currently compromised. No flow failures can be reported.
Walls and reservoirs of the dam show ochre crusts and efflorescent sulfate salts
Slight tilting of the highest reservoir, with polyhedral structures on its surface,
formed by sand segregation.
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Decant ponds with overlying water and hydrophilic vegetation
Surrounding land use: Industrial.

Potential failure triggers:



Rain in 24 hours > 179 mm
Peak ground acceleration > 0.08 g, according to the current Spanish seismic
regulations collected in the NCSR-02 (2003).

Vulnerable elements:



Oil refinery of Alumbres, at a downstream distance of 220 m.
Alumbres village, at a distance of 1000 m.

Figure 11.13. Aerial view of La Peraleja dam (Google Earth perspective).

Figure 11.14. Profile view of La Peraleja dam from the E. Photo taken 24 March 2011.

246

Fact sheets of the tailings dams sampled

Figure 11.15. Starter dam with vegetation on the decant pond. At the bottom, the first subsequent
stage of construction. Photo taken from the E on 24 March 2011.

Figure 11.16. Vegetation on the decant pond of the second subsequent stage of construction.
Photo taken 24 March 2011.
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Figure 11.17. Overtopping failure in a wall of the main deposit. Photo taken 24 March 2011.

Figure 11.18. Polyhedral structures on the second subsequent stage of construction, formed by
sand segregation. Photo taken 16 June 2016.
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