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The rate of growth of mining copper industry in Chile requires higher consumption of water, which is a resource limited in quality
and quantity and a major point of concern in present times. In addition, the efficient use of water is restricted due to high levels of
evaporation (10 to 15 (I/ m?) per day), in particular at the north highland mining sites (Chile). On the contrary, the final disposal of
tailings is mainly on pond, which loses water by evaporation and in some cases by percolation. An alternative are the paste
thickeners, which generate stable paste (70% solids), reducing evaporation and percolation and therefore reducing water make up.
Water is a resource with more demand as the industries are expanding, making the water recovery processes more of a necessity
than a simple upgrade in efficiency. This technology was developed in Canada (early 80s) and it has widely been used in Australia
(arid zones with similar weather conditions to Chile), although few plants are using this technology. The tendency in the near
future is to move from open ponds to paste thickeners. One of the examples of this is Minera El Tesoro. This scenario requires
developing technical capacity in both paste flow characterization and rheology modifiers (fluidity enhancer) in order to make
possible the final disposal of this paste. In this context, a new technique is introduced and experimental results of fluidity modifiers
are discussed. This study describes how water content affects the flow behavior and depositional geometry of tailings and silica
flour pastes. The depositional angle determined from the flume tests, and the yield stresses is determined from slump test and a
rheological model. Both techniques incorporate digital video and image analysis. The results indicate that the new technique can
be incorporated in order to determine the proper solid content and modifiers to a given fluidity requirement. In addition, the
experimental results showed that the pH controls strongly the fluid paste behavior.

1. Introduction

The growth rate of the copper mining industry in Chile
requires a greater water consumption, a resource with
limited availability whose industrial use is a major concern
nowadays [1, 2]. The recovery of water from thickened
tailings in mining results in an important benefit eco-
nomically speaking, although it gets more difficult to de-
water tailings if they have fine particles [3].

In addition, the efficient use of water is restricted due to
the high levels of evaporation (10 to 15 (I/m?) per day) [4],
particularly on the sites of the mines located in the northern
highlands. The use of paste thickeners for water recovery

proves to be a very efficient method to prevent water loses in
tailings depositions, taking into account the large volume of
water lost to evaporation [5].

In the case of waste materials from the flotation process
(tailings), they range between 95-98% [4] by weight of the
treated material, which are disposed in tailings dams in pulp
form. Its transport is carried out by pipeline with an ap-
proximate solids consistency from 40% to 60% [4], to
prevent the line from getting stuck and to reduce energy
consumption during pumping [6]. Given the large volumes
of water handled, part of the water is recovered and recir-
culated to the flotation stage after the solids are settled in the
tailings dam. Alternatively, another option to increase the
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water recovery is to thicken the pulp up to 75%, which is
then available as a paste, using new technologies, such as
thickened tailings disposal (TTD) [7].

The use of new technologies or “Paste Technology” [8]
was firstly utilized at the end of the year 1980 [9] and since
then it is used to describe the disposal of paste with a high
content of fines (silt or clay) and low contents of water in the
filling material that can be transported through distribution
pipes (10 to 20 cm in diameter). This “Paste,” unlike the
filling sludge, does not separate in different phases (solid and
liquid) at low speeds in transport pipes. The transport of
pastes by pipes requires that enough fine material (20 [pm]
or less) is contained within the mixture so that the lubri-
cation of the pipe walls creates a state of piston flow. Tailings
can be transported for filling uses or, given their high
surface, in a tailings management facility.

This natural abundance of fine-grained materials is
not exclusive in tailings from mines, and it is also
common in waste streams from other industries, which
are transported as pastes by pipes and are located in
places without producing particle segregation. The po-
tential use of paste technology has expanded in recent
years [3, 5] because it is recognized as a low-cost, en-
vironmentally superior technology with technologically
controllable methods for transporting and allows com-
mercializing certain waste streams from materials with a
low water content and high density. An example of the
economic impact of implementing this technology is the
comparison made by JRI Engineering, for the Codelco
Norte Division, where it is concluded that paste tech-
nology yields up to 15% savings, compared to the con-
ventional alternative [10]. Rheology control in pastes has
various possible effects or consequences. The nature of
the paste facilitates the mixing of one or more secondary
waste materials, which allows all waste materials to be
transported by pipes. The increase in density decreases
the ratio of supernatant/treatment, reduces mobilization
of contaminants, hydraulic conductivity, and oxygen/
reactivity of water through encapsulation within the paste
matrix [8]. Due to these effects, among others [11-15], it
is proposed to set up a laboratory with characterization
tests, which determines yield stress and angle of repose in
pastes. Additionally, taking into account that the use of a
more automatic control system allows increasing the
efficiency of the procedures in different areas [16-19], it is
proposed to develop a technique based on digital video
and image processing using Toolbox Image Processing-
Matlab, system widely utilized to facilitate the analysis of
data for different types of processes [20-23].

The results allow to quantitatively evaluate the effect
of pH on the fluidility and angle of repose in the test
pastes. With respect to the additive used, sulfuric acid
acts as a dispersant increasing the fluidity and decreasing
the angle of repose in the pastes; in the case of the
technique implemented, it is concluded that this allows to
analyze the dynamic behavior and the profile of the paste
throughout time, making the rheological study in pastes
possible.
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2. Materials and Methodology

2.1. Designs of Slump Test Equipment. Slump and flume test
equipment are designed and constructed based on the cri-
teria and methodologies developed in previous investiga-
tions [24, 25]. In the slump test, the height of the paste is
measured over time, to determine the corresponding yield
stress. Analysis models have been developed to relate the
slump value to the value of the corresponding yield stress
and to predict the slump behavior of the material. Slump
models are derived from the first principles with the model
variables expressed in dimensionless form. Thus, the slump
is not an empirical model and provides the independent
matter with a unique relationship between the yield stress
and the slump height.

The slump test, which is usually performed on conical
geometries, was adapted to a cylindrical geometry for the
alumina industry. This is due to the fact that there is a
relationship between the slump height and the flow behavior
in the bauxite waste, correlation which is adaptable to the
case of copper mining pastes due to similar physical
characteristics.

Figure 1 shows the comparison between the cone and
cylinder models, both the theoretical results and those ob-
tained in the laboratory. It can be clearly seen that the
experimental results when using the cylinder model are quite
close to the theoretical model, unlike the cone model that
shows a significant deviation compared to the empirical
results. Taking this information into account, it is decided to
use the cylindrical model, as it predicts more precisely the
yield stress in pastes.

The results are expressed in terms of dimensionless
variables to allow the generalization of the slump test model
and are defined as follows:

Cylinders' = 1 -2t [1 - ln(2r})], (1)

where T)l,ZTy/ng dimensionless creep limit. s'=s/H di-
mensionless drop height. hy=ho/H dimensionless paste
height without deformation. h;=h,/H dimensionless de-
formed paste height.

Figure 2 determines that, for the cylinder test, the di-
ameter that obtained a lower value of deviation (<10%
between the theoretical-experimental curves) was the ge-
ometry with diameter of 200 mm, with a value in the di-
ameter-height ratio of 1. From this it is concluded that the
diameter of the cylinder to be used in the experimentation
will be 200 mm.

To determine the yield stress in the slump test, a series of
assumptions are used, which are analyzed in more detail in
reference [24]:

(a) Itis assumed that no deformation of the paste occurs
in the removal of the cylinder in the drop test.

(b) Only the effort acts on the test paste and is assumed
as a vertical effort associated with the weight of the
paste itself.

(c) The test paste is supposed to behave like an elastic
solid so that the maximum shear stress that can be
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FiGure 1: Theoretical-experimental comparison of cylinder and
cone models, figure adapted from reference [24].
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FIGURE 2: Relationship between the diameter of the cylinder and
the theoretical prediction of the yield stress, figure adapted from
reference [24].

applied to a body when a “P” pressure is applied in a
normal direction which is equal to half the pressure.

(d) At some point along the height of the cylinder, the
test paste experiences a tension that is greater than
the creep limit and the paste flows until the tension is
again reduced to the creep limit and remains
motionless.

(e) In the process of falling, it is assumed that the in-
terface layer between the paste that exhibits an elastic
and inelastic behavior is a horizontal surface that
moves down as the test paste flows below it.

(f) The flow occurs until the cross section increases the
area so that the effort required to support the weight
of the paste above any given plane is reduced to the
creep limit. Thus, the product of the tension and the
cross section is proportional to the weight of the
paste on the plane.

The manufacturing material is acrylic to ensure a ho-
mogeneous and complete filling of the geometry. To achieve
good video quality, the geometry must have a contrasting
base and background surface, in addition to good lighting.

2.2. Designs of Flume Test Equipment. The flume test, used to
determine the angle of repose in mineral pastes [25], was de-
veloped considering the characteristics of the paste under study.
To determine the angle of repose of the paste, equation (2) is
used. A schematic diagram is presented in Figure 3.

6, = tan™" (#) (2)

The equipment is built in acrylic to observe the profile of
the paste over time, and the geometry used is rectangular
and similar to a flume with a feeding chamber with a sliding
door. The representation of the equipment is shown in
Figure 4. To achieve good video quality, the geometry must
have a contrasting base surface and background lighting.

2.3. Designs of Technique for Video Monitoring of Pastes.
For analyzing results and image processing and recording tools,
Matlab® Toolbox Image Processing and Free Video to Jpg.
Converter software were used. For moving pastes, a digital video
camera with 720 x 480 video resolution and color depth of 8 bits
per pixel (256 colors) is used. The videos are recorded in.wmv
format. The videos captured in the camera are edited with the
software Camtasia Studio 6 to remove the time slots that are not
considered in the image processing.

The original set of captured images (video) is separated
into 30 frames per second with Free Video to JPG Converter
software. These individual images or frames correspond to a
series of points (pixels) capable of storing a color intensity
ranging from 0 to 255, using the RGB color model (red,
green, and blue); thus, the extensive combination of in-
tensities that each pixel can store is the product of the
mixture of primary colors at different intensities, with white
being a mixture of maximum intensity (256, 256, 256) and
black a combination of minimum intensity (0, 0, 0).

From the original image that can be seen in Figure 5, the
black and white image shown in Figure 6 is extracted, which
allows defining the contour surface and making measure-
ments in the tests. In addition, Toolbox Image Processing
allows defining the contour surface of the test in white or
black so that from now on the combination of black test
surface will be used for the results images.

When working with the RGB color model and using the
image processing software tools contained in Matlab’s
Toolbox Image Processing, it is possible to separate only one
color intensity in the frame (red, green, or blue), depending
on the contrast surface used in the experience and that better
reflects the contour surface for a treatment of the image in
binary colors (white or black).

2.4. Description of Operational Parameters and Procedures.
Powdered quartz is used, with an approximate granulometry
of 100% under 400 Tyler meshes (<33 mm). The selection of
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FIGURE 3: Relation schematic diagram of the flume test, where
0, = angle of repose, H =Initial height (cm), H; = highest height of
the paste (cm), H, =lowest height of the paste (cm), and L = travel
length (cm).
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FiGURE 4: Geometrical characteristics for the flume test.

==
10 [cm]

FiGUure 5: Example of the original image of pastes in movement.

the reagents used in the experimentation is based on the
effect produced by a polymer and a pH modifier on the paste,
considering quantifying the effect that these additives pro-
duce on the pastes at different concentrations of solids, the
polymer in 75% solids and the pH modifier in 72% solids. In
the case of the polymer, 1 ppm of a polyacrylamide was used
with a cationic derivative of acrylic acid, Clarisol, and in the
case of the pH modifier, 1 ppm of sulfuric acid was used.
For the slump test of 70% solids by weight, the test paste
is prepared without adding sulfuric acid, the video camera is
installed and configured, and the pH is measured. Then, the
recording begins and the paste is emptied into the geometry
of the cylinder. If the paste contains a large quantity of solids,
the filling is done in two steps with compaction of the paste
to eliminate the dead zones; otherwise, the filling is per-
formed in only one step. Once the entire surface of the
geometry is completely filled, the cylinder is lifted, the paste
is allowed to flow and the recording stopped in the stationary
state of the paste. The paste is then collected and concen-
trated sulfuric acid (98%) is added in a ratio of 0.0018 g of
sulfuric acid/ton of dry solid, the pH is measured, and the
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same specifications described in the first paragraph of
Section2.3 are followed from the paragraph where the re-
cording begins. The experiences are repeated twice and one
video is selected for image processing.

In the case of the slump test for the paste of 75% solids by
weight, the paste is prepared without adding cationic
polymer, Clarisol; then, the same procedure for the paste
with 70% solids is followed and only the additive used as a
rheology modifier changes, using a cationic polyacrylamide
concentrated at 10% w/w at a ratio of 0.001 g of Clarisol/ton
dry solid.

In the case of the flume test for 75% solids by weight, the
paste is prepared without adding flocculant, Clarisol; then,
the same procedure for the paste with 70% solids is followed
and only the additive used as a rheology modifier is changed,
this time using a concentrated cationic polyacrylamide at
10% w/w in a ratio of 0.001 g of Clarisol/ton dry solid.

The characteristics that the video camera must fulfill are
to remain in a fixed position, parallel to the test plane, and at
a distance (L) that covers the entire surface of the geometry.
In addition, it must have manual brightness adjustment so
that there are no automatic adjustments during video re-
cording and image recording quality must be 720 x 480
pixels.

3. Results and Discussion

3.1. Effect of Sulfuric Acid with 70% Solid in Slump Test.
The image capture was made in time intervals of 1/30 s
without sulfuric acid, with a total duration of 1.97 s. The final
ratio between the width of the cylinder and the spread of the
paste was 2.76. With the use of 0.0018 g of sulfuric acid/ton
dry solid and with a total duration of 1.97 s, the final ratio
between the width of the cylinder and the spread of the
sludge was 3.26.

When measuring the spread length of the paste with and
without the addition of sulfuric acid, it can be observed that a
change in the spread velocity of the paste occurs in both
tests, being higher in the case with sulfuric acid as presented
in Tables 1 and 2 and Figure 7. The graph shows that the
addition of acid achieves higher spread velocities at the
beginning of the test and that at the end of both tests the
velocities obtained were similar.

3.2. Effect of Sulfuric Acid with 70% Solid in Flume Test.
For the first case without the use of sulfuric acid, the image
capture was made at 1/30 s time intervals with a total du-
ration of 5.37 s, for which the angle of repose of the paste
decreases in 2.3°. For the test with 0.0018 g of sulfuric acid/
ton dry solid, the image capture was performed in time
intervals 1/30 s, with a total duration of 1.97 s the angle of
repose of the paste decreases 3.47".

When measuring the length and height of the spread of
the paste with and without the addition of sulfuric acid, the
angle of repose is calculated to quantify the variation of the
angle of repose in time, showing lower values in the paste
sequence 70% solid with acid sulfuric. This parameter on an
industrial scale means that the solid with these
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FIGURE 6: Example of binary image: (a) original image and (b) binary image.

TaBLE 1: Slump test without sulfuric acid, cylinder.

Length (cm) Real length (cm) Ratio L/C Time (s) Real length increase Spread velocity (cm/s)
4.74 20.00 1.00 0 0 0
5.50 23.21 1.16 0.13 3.21 24.05
7.30 30.80 1.54 0.30 10.80 36.01
8.15 34.39 1.72 0.47 14.39 30.83
9.40 39.66 1.98 0.63 19.66 31.05
10.10 42.62 2.13 0.80 22.62 28.27
10.98 46.33 2.32 0.97 26.33 27.24
11.36 47.93 2.40 1.13 27.93 24.65
11.80 49.79 2.49 1.30 29.79 2291
12.40 52.32 2.62 1.47 32.32 22.04
12.62 53.25 2.66 1.63 33.25 20.36
12.80 54.01 2.70 1.80 34.01 18.89
13.10 55.27 2.76 1.97 35.27 17.94

TaBLE 2: Slump test with sulfuric acid, cylinder.

Length (cm) Real length (cm) Ratio L/C Time (s) Real length increase Spread velocity (cm/s)
4.53 20.00 1.00 0 0 0
7.28 32.14 1.61 0.13 12.14 91.06
11.35 50.11 2.51 0.30 30.11 100.37
12.90 56.95 2.85 0.47 36.95 79.19
14.15 62.47 3.12 0.63 42.47 67.06
14.24 62.87 3.14 0.80 42.87 53.59
14.38 63.49 3.17 0.97 43.49 44,99
14.62 64.55 3.23 1.13 44.55 39.31
14.65 64.68 3.23 1.30 44.68 34.37
14.76 65.17 3.26 1.47 4517 30.79
14.76 65.17 3.26 1.63 45.17 27.65
14.76 65.17 3.26 1.80 45.17 25.09
14.76 65.17 3.26 1.97 45.17 22.97

characteristics needs less energy to be transported. Graph-
ically the results are reflected in Figure 8 and the data is in
Tables 3 and 4. From Figure 8, it can be seen that the flume
test of 70% solids with the addition of sulfuric acid causes a
decrease in the angle of repose of the paste and shorter
spread time.

3.3. Effect of Cationic Polymer Clarisol with 75% Solids in
Slump Test. The slump test with 75% solids does not present
variations in height, as shown in Figure 9, which represents
the initial, intermediate, and final images of the test at times
0, 1.07 and 1.63 s, respectively. It us worth mentioning that
without the addition of cationic polymer; the high
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TaBLE 4: Flume test with sulfuric acid, cylinder.

Height (cm) Length (cm) (Hy/L)  Degrees  Time (s)
— — — — 0.00
0.53 5.83 0.09 5.19 0.13
0.53 6.00 0.09 5.05 0.30
0.55 8.57 0.06 3.67 0.47
0.53 10.10 0.05 3.00 0.63
0.52 11.18 0.05 2.66 0.80
0.46 12.40 0.04 2.12 0.97
0.43 13.30 0.03 1.85 1.13
0.43 13.67 0.03 1.80 1.30
0.42 13.67 0.03 1.76 1.47
0.42 13.67 0.03 1.76 1.63
0.42 13.67 0.03 1.76 1.80
0.41 13.67 0.03 1.72 1.97

TaBLE 3: Flume test without sulfuric acid, cylinder.

Height (cm) Length (cm) (H,/L) Degrees  Time (s)
— — — — 0.00
0.91 9.10 0.10 5.71 0.17
0.88 9.10 0.10 5.52 0.33
0.88 9.20 0.10 5.46 0.50
0.86 9.40 0.09 5.23 0.67
0.83 9.50 0.09 4.99 0.83
0.81 9.50 0.09 4.87 1.00
0.81 11.30 0.07 4.10 3.03
0.81 11.45 0.07 4.05 3.20
0.79 11.45 0.07 3.95 3.37
0.75 12.00 0.06 3.58 5.03
0.73 12.05 0.06 3.47 5.20
0.72 12.10 0.06 3.41 5.37

concentration of solids would prevent the movement of the
test paste. The sequence of images is performed at 1/30 time
intervals s with a total duration of 1.63 s.

When adding Clarisol cationic polymer (0.001 g Clarisol/
ton dry solid), agglomeration of particles is observed. This
way, an increase in the apparent viscosity of the paste is

inferred, as shown in Figure 10, which represents the initial,
intermediate, and final image of the test, at time 0, 1.43 and
2.87 s, respectively. The image sequence is performed at 1/30
time intervals (s) with a total duration of 2.87 s.

For both tests, with and without addition of polymer, no
changes in the fluidity of the paste occur. Another obser-
vation made when comparing the tests is the increase in the
time it takes to remove the cylinder during the experiment,
from 1.63 s without additive to 2.87 s with additive, so the
effect that the polymer produces on the test paste would not
be favorable for the objectives set out in this investigation.

3.4. Effect of Clarisol Cationic Polymer with 75% Solids in
Flume Test. The flume test with 75% solids and without
added Clarisol does not present variations in height and
length. This is reflected in Figure 11, which represents the
initial, intermediate, and final image of the test at times 0,
1.90, and 3.83 s, respectively. The sequence of images is
performed at 1/30 time intervals (s) with a total duration of
3.83s.

In the case of the flume test with 75% solids and with
0.001 g Clarisol/ton dry solid, there are no variations in
height and length, which is reflected in Figure 12, which
represents the initial, intermediate, and final image of the
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FIGURE 9: Dynamic monitoring with 75% solids, slump test without cationic polymer. (a) t=0s. (b) t=1.07 s. (c) t=1.63 s.

F1GURrE 10: Dynamic monitoring with 75% solids, slump test with cationic polymer. (a) t=0s. (b) t=1.43 5. (c) t=2.87 s.

FIGURE 11: Dynamic monitoring with 75% solids, flume test without cationic polymer. (a) t=0s. (b) t=1.9s. (c) t=3.83 s.

FIGURE 12: Dynamic monitoring with 75% solids, flume test with cationic polymer. (a) t=0s. (b) t=1.9s. (c) t=3.83 s.

test at times 0, 2.43 and 4.87 s, respectively. The sequence of
images is performed at 1/30 time intervals (s) with a total
duration of 4.87 s. In summary, for the flume tests with 75%
solids, with or without addition of cationic polymer Clarisol,
no changes in the fluidity of the paste are produced. The time
it takes to remove the sliding gate from the flume increases
from 3.83 s without additive to 4.87 s with additive.

4. Conclusions

4.1. Software Utilized. For analyzing results and image
processing and recording tools, Matlab® Toolbox Image
Processing and Free Video to Jpg.Converter software were
used. The videos captured in the camera were edited with the
software Camtasia Studio 6 to remove the time slots that are



not considered in the image processing. In addition, Toolbox
Image Processing allows defining the contour surface of the
test in white or black so that the combination of black test
surface is used for the results images. It us recommended to
use the tools and techniques of Matlab® Toolbox Image
Processing to analyze, quantify, and compare the effect of the
additives over time.

4.2. Novelty and Advantages of the Technique. A technique
based on digital video and image processing was developed
through the implementation of a laboratory for the char-
acterization of pastes including slump and flume tests. The
relevance of implementing image analysis by video should be
noted, since it allows to quantify the dynamic behavior in
pastes. Regarding the type of rheology modifier used, it is
concluded that sulfuric acid meets the objectives, allowing to
recover water by increasing fluidity. It is worth mentioning
that the use of this technology generates significant savings
in water resources compared to current processes, which not
only means an economic benefit, but an important step in
favor of the sustainable development that is so much needed
in these times.

4.3. Limitations. On the contrary, it was not possible to
analyze the effect of the polymeric and pH modifier in
tailings pastes, and it was possible to analyze and quantify
the effect of a chemical additive as a rheology modifier in
pastes of fine granulometry (<38 yum) and basic pH.

4.4. Future Work Ahead. It is recommended to modify the
dimensions of the flume, specifically the length through
which the test paste flows, since the dimensions considered
do not allow to evaluate the effect that the addition of more
acid produces on the paste. To observe and quantify the
behavior of the test pastes throughout time and using image
processing, it is recommended to work with percentages of
solids comprised between 70% and 74% in the cylinder and
flume test.
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