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Abstract

The numerical prediction of the runout and spread of liquefied-tailings flows is a complex problem that depends on many
factors, including the rheological properties of the liquefied tailings. However, published benchmark problems specific to
tailings flows, useful for validation and calibration of numerical models, are virtually nonexistent. This paper presents a
laboratory-scale benchmark problem of liquefied-tailings flow. Gold filtered tailings were characterized via rheological
measurements, geotechnical index tests, and toxicity chemical analysis. Physical flow experiments of the liquefied-tailings
paste, at 70% solids concentration, were carried out in an instrumented laboratory flume with high-speed video and direct
measurements of the at-rest “footprint” (lobe) dimensions. Subsequently, using the measured physical parameters, com-
putational fluid dynamics (CFD) tools were used to solve the three-dimensional, rheology-dependent Navier—Stokes
equations via the finite-volume method and a multiphase volume-of-fluid (VOF) technique. Thus, the at-rest lobe of the
spilled tailings was numerically reproduced. Results show that the liquefied tailings bear nearly zero-yield stress and low
viscosity, thereby practically behaving as a Newtonian fluid despite their high solid concentration. In addition, good
agreement (within 14% of the main dimensions) was found between the physical and numerically simulated at-rest lobes.
Hence, the use of a Navier—Stokes approach, supported on a finite-volume/VOF technique, and a Newtonian-fluid con-
stitutive rheological model, simulates well the at-rest shape of liquefied tailings at laboratory scale. This benchmark
problem will aid numerical research specific to tailings flows.

Keywords Filtered tailings - Rheology - Viscosity - Benchmark problem - Computational fluid dynamics -
Finite-volume method

1 Introduction

Tailings storage facilities (TSFs), widely used in the min-
ing industry, are normally built to retain millions of cubic
meters of mine waste [1, 2]. Most TSFs are complex
geotechnical structures, because the embankment height is
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sequentially risen throughout the mining project’s life;
also, the embankment body is frequently formed with the
coarse fraction of the mine waste itself, and TSF post-
closure costs are high [2]. Failures of TSFs have been
attributed to a wide variety of causes, including overtop-
ping, slope instability, seismically induced liquefaction,
foundation instability, mine subsidence, rain intensity,
snow thawing, pond water management, and piping [2—4].

According to the International Commission on Large
Dams [5], the probability of failure of TSF structures is
about 100 times greater than that of water retention dams.
Others estimate the latter factor as ten times, representing
about two significant failures per year [6]. During the
twentieth century, 250 cases of tailings dam failures were
compiled worldwide [2], although it is uncertain how many
cases have been unreported. Historical TSF failures with
runouts in the scale of tens of kilometers (e.g., Aznalcdllar,
Spain, 1998 [1, 7-12] and Merriespruit, South Africa, 1994
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[13]), as well as recent catastrophic disasters (e.g., the
Fundio, 2015 [14, 15] and Brumadinho, 2019 dam failures
in Brazil), highlight the profound social, environmental,
and economic consequences of tailings spill disasters
[3, 16].

The quantitative analysis of the behavior and runout of
tailings flows demands consideration of many factors,
including type of TSF, the likely failure mechanism, and
local topography. In addition, the study of tailings flows
requires accounting for the rheological properties of the
liquefied material [17-20], particularly the solid content-
dependent yield stress and the strain-rate-dependent vis-
cosity. The analysis of the rheological behavior of tailings
also has implications on pipeline design and performance
of slurry pumping systems [21].

Computational fluid dynamics (CFD) is a powerful tool
to solve the mass and momentum conservation equations of
flow while accounting for its rheological properties [22].
CFD tools have aided the study of an ample group of
Newtonian and non-Newtonian flows, including tailings
[18, 20, 23]. Unfortunately, while published benchmark
problems useful for validation and calibration of CFD
simulations are widely available in the literature (e.g.,
[24, 25]), published benchmark problems specific to lig-
uefied-tailings flows are virtually nonexistent. In fact,
benchmark problems in tailings research are currently
limited to chemical reactive transport phenomena, partic-
ularly acid rock drainage attenuation and uranium biore-
mediation [26, 27].

This article introduces a laboratory-scale benchmark
case of liquefied-tailings flow. First, the spread of a fil-
tered-tailings liquefied paste that flows upon controlled
sudden-release conditions is physically monitored in the
laboratory. Subsequently, computational fluid dynamics
(CFD) tools are used to solve the three-dimensional rhe-
ology-dependent Navier—Stokes equations to replicate the
at-rest “footprint” shape of the spilled tailings. This
benchmark problem is simple though meaningful and is
intended to aid numerical research on tailings flows.

In this paper, the term “liquefied tailings” refers to the
physical state attainable by contractive, strain-softening
tailings once they are subjected to shear under undrained
conditions, e.g., after their containment barrier breaks
[3, 6, 12]. Under such conditions, positive pore water
pressures build up and the tailings liquefy. This behavior
resembles that of “flow liquefaction” or “static liquefac-
tion” after the monotonic stress path of a contractive,
strain-softening soil crosses a “phase transformation line”
[28]. In this context, liquefied shear strength is “the shear
strength mobilized at large deformation by a saturated
contractive soil following the triggering of a strain-soft-
ening response.” [29] Because the physical experiments
presented in this paper use contractive tailings that are
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subjected to laboratory-scale sudden-release conditions
(resembling those of a dam break), the material that flows
can be treated as “liquefied tailings”.

2 Background

2.1 Physical and Numerical Modeling of Tailings
Flows

Previous studies on empirical modeling of tailings flows
include those by Rico and Lucia and Duncan [2, 30]. Based
on historical reviews of tailings dam failures, those
researchers propose correlations to estimate post-failure
flow runout depending on the dam geometry and the vol-
ume or height of the contained waste.

In the field of saturated granular tailings, other
researchers have implemented a brittleness index to assess
the susceptibility of iron, zinc, and garnet tailings to trigger
rapid flow slides under monotonic, incremental loading
[31] (the brittleness index depends strongly on initial void
ratio, as well as on undrained peak and residual strength).
A different group of studies [32-34] present tailings-flow
models assuming that their behavior is similar to that of
slope or debris motion.

More recently, experimental and numerical studies have
addressed flows of varying viscosity in the laboratory
[20, 23], and use CFD simulations to solve the corre-
sponding mass and momentum conservation equations.
CFD techniques have also been implemented in infras-
tructure performance assessment of tailings-pumping sys-
tems as well as in the analyses of tailings beach spreading
[18, 35, 36]. Rheological properties of tailings suspensions
have been determined elsewhere for conventional tailings
[37] as well as for cemented paste backfill (CPB) [38].

Regarding flows of non-tailings waste materials, e.g.,
municipal solid waste, physical modeling has focused on
monitoring runout, at-rest footprint shape, flow depth,
velocity, and angle of reach of moist soil simulants [39]. In
addition, other physical/numerical modeling efforts have
focused on post-liquefaction soil flows using two-dimen-
sional CFD tools and model-box experimental validation,
while assuming that the liquefied soil behaves as a viscous
fluid [40].

2.2 Theoretical Framework

The Navier—Stokes equations assume the flow as a con-
tinuum that is characterized by density (p), dynamic vis-
cosity (u), pressure (P), and velocities (u,v, ), through
time (1) [22].

The three-dimensional conservation of mass, consider-
ing the fluid mass balance in an infinitesimal control
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volume, establishes that the rate of mass increase equals
the gradient of mass flow rate across the volume:

¥ v (1
where u is the three-dimensional velocity vector. When the
fluid is assumed incompressible, the mass conservation
equation is reduced to: V -u = 0.

On the other hand, the three-dimensional conservation
of momentum indicates that the rate of change of
momentum per unit volume equals the sum of all fluid
forces, i.e., inertial, pressure, body, and viscous forces:

du
Pa =
where S represents the body forces in the x-, y-, and z-
directions.

Finally, conservation of energy must also be satisfied.
Nonetheless, this research assumes that no heat or entropy
variations take place during the liquefied-tailings flows.

The partial differential equations representing flows of
debris, mud, avalanches, and tailings can be approximated
by various spatial and temporal discretization techniques,
including the finite-difference, finite-volume, and finite-
element methods [33, 41].

p(u-V)u— VP + pS+ uViu, (2)

3 Materials and Methods

The tailings used in this investigation were kindly provided
by an active mining project located in the region of
Antioquia, Colombia, which to date is the first in the
country to use filter-dewatering technology. By circulating
the process-water tailings suspension through a series of
cloth filters compressed by vertical plates (see Fig. la),
followed by in-filter air injection at high pressure, this
technology allows for significant reductions in the water
content of the tailings. The final product of this process is a
“cake” of low water content (around 20%) that is gradually
piled up by the filtering-plant site (see Fig. 1b). The
reclaimed water is reused during the ore-extraction process
of the mineral, while the tailings cake is disposed of by
conventional engineered-embankment compaction.

3.1 Tailings Properties

At the mining project, the samples were collected in 15
plastic buckets, about 20 L each, which were manually
filled with filtered-tailings cake pieces.

Prior to handling and characterizing the tailings in the
laboratory, the possible presence and concentration of
heavy metals in the tailings were determined in a com-
mercial laboratory (Chemilab SAS, Bogota, Colombia) via

L
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Fig. 1 Filtered tailings used in this study. a Tailings dewatering
system: compressing plates with cloth filters and air injection; b pile
of low water-content tailings cake produced by the tailings dewater-
ing system

the toxicity characteristic leaching procedure (TCLP),
according to the EPA standard No. 1311 [42]. Then, fun-
damental index properties of the tailings were determined
(see Table 1).

The rheological properties of the liquefied-tailings
pastes were measured with a Brookfield DV-III Ultra
programmable viscometer (Brookfield Engineering Labo-
ratories Inc., Massachusetts, USA). The measuring range of
the instrument is determined by the speed of rotation, the
size and shape of the spindle, and the container in which it
rotates [43]. Segregation of the samples was prevented via
thorough manual mixing in the testing container prior to
performing the measurements. The same instrument type
has been recently used by others in cemented paste backfill
(CPB) research to determine rheological yield stress at high
solid contents [38].

After performing a series of preliminary tests, the
spindles No. SC4-21 and SC4-27 were selected out of the
11 spindles available with the Brookfield DV-III Ultra
device (RV and SC4 series). The remaining spindles yiel-
ded no measurable shear-stress values or the range of
working viscosities was outside that of the liquefied
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Table 1 Index tests performed in the tailings

Test Method Number of tests
Water content (as received) ASTM D2216 5
Tailings-paste density API RP13B-1 5
Specific gravity ASTM D854 5
Grain-size distribution (washed over sieve #200) ASTM C136-01 5
Grain-size distribution (hydrometer) ASTM D422 5
Liquid limit (Casagrande cup) ASTM D4318 5
Liquid limit (fall cone) BS 1377:1990 5
Plastic limit (rolls method) ASTM D4318 5
pH (supernatant) - 3
pH (paste) - 3

tailings. In total, 86 shear-strain-rate controlled measure-
ments of shear-stress vs. shear-strain rate were obtained
during this study.

3.2 Physical Experiments
3.2.1 Preliminary Experiments

To define the spatial scale of the tailings-flow experiments,
eight preliminary flow tests were conducted. For these
tests, tailings-paste volumes were 0.6 L (three experi-
ments), 2.5 L (three experiments), and 15 L (two experi-
ments). During the first two sets of tests, the tailings were
first air dried during 24 h, then macerated on a hand
mortar, and finally homogenized with a jar test during 1 h
at 120 rpm. For the third set, the tailings were first air dried
during 24 h, then macerated in the Los Angeles machine,
and finally mixed in a 150-L capacity portable concrete
mixer. The eight preliminary tests included varying con-
centration of solids between 60 and 71%, and flow surfaces
of aluminum sloping between zero and 10% (Fig. 2).

The largest at-rest “footprint” of these preliminary flow
experiments yielded 1.4 m in length and 0.66 in of width,
using 15 L of tailings paste, 60% of solid concentration,
and zero-sloping surface. Based on the preliminary tests,
Sect. 3.2.2 describes that the experimental conditions
adopted for the final benchmark tests were 27 L of tailings-
paste volume, 70% concentration of solids, and flat alu-
minum surface. These conditions guaranteed that the final
lobe (footprint) of the benchmark experiments would fit
into the testing flume available.

3.2.2 Tailings-Flow Benchmark Experiments
Similar to the preliminary experiments, liquefied tailings
were prepared as suspensions of dry tailings in water,

which were homogenized with a jar test during 1 h at
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120 rpm, and then allowed to settle under gravity for 24 h.
After sedimentation, the measured concentration of solids
was 70% in weight. This value was subsequently used to
design the spill system, the flow monitoring system, and
the amounts of tailings and water to be employed.

For the experimental stage, the environmental flume for
slope simulations located in the Geotechnical Laboratory
of Pontificia Universidad Javeriana was used (Fig. 3); the
flume is described in detail elsewhere [44]. The dimensions
of the flume are 3-m long by 1-m wide.

A container was constructed to produce a controlled,
sudden spill (Fig. 4). The container was 50 cm in height
and 30 cm x 30 cm at the base; the container was built
with acrylic sheet of 3 mm in thickness. On one of the
sides, a 40-cm x 10-cm gate was provided, which opened
manually via a metal pulley. The outer edges of the con-
tainer were reinforced with steel sheet. A 130-cm-long by
68-cm-wide, flat aluminum sheet was placed at zero-degree

Fig. 2 Preliminary physical experiments: 15 L of tailings paste
spilled on a flat aluminum surface. a 60% solid concentration;
b 70% solid concentration
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(0°) slope to provide a homogeneous low-roughness travel
surface for the flow.

The tailings to be tested were randomly sampled and
placed in an oven for 24 h at 110 °C to control the exact
amount of water to be added at the time of preparing the
liquefied tailings. Afterwards, the dry tailings were mac-
erated using the Los Angeles machine (about 12 kg in a
cycle of 100 turns) to remove lumps and to be able to work
with loose material.

For each experiment replicate, 35 kg of dry tailings and
15 kg of tap water were mixed in a portable concrete mixer
to attain the target weight concentration of 70% that was
determined previously in the laboratory. Finally, from the
prepared tailings, 27 L were recovered to run each exper-
iment. This volume was poured gently into the acrylic
container and remained homogenized wusing a
portable propeller mixer adapted to a hand drill (see Fig. 4)
until the moment of running the experiment. The height of
liquefied tailings (inside the acrylic container) was 30 cm
for all experiments. In total, five experiments of controlled
sudden-release were carried out to assess repeatability of
results.

For monitoring the liquefied-tailings-flow patterns and
at-rest state, a Sony PXW-X200 high-speed video camera
installed by the flume’s lateral wall was used, along with a
Kino Flo BarFly® 400 soft lighting system with 1000-W
tungsten tubes (see Fig. 5).

To obtain additional direct point measurements of the
dimensions and thickness of the at-rest “footprint” (lobe)
of the spilled tailings, a tape measure with millimetric
reading was used. The depths were measured at three
locations of the pattern (Fig. 6), along its main axis,
namely: at the container gate (maximum thickness), 30 cm
horizontally from the container gate, and at the end of the
lobe. Immediately after each experiment replicate was
completed, three specimens of the spilled liquefied tailings
were collected, for which rheometric flow curves were
measured with the viscometer device, as explained above
(see Sect. 3.1).

Fig. 3 Environmental flume for liquefied-tailings-flow experiments

Portable
propeller
mixer

Fig. 4 Container, with manually operated gate, for the liquefied
tailings

3.3 Numerical Experiments

In engineering, there are various models available for flow
analysis due to dam breach, each with different capacities
and levels of complexity. Some models simulate two or
three dimensions, while others are only capable of dealing
with one-dimensional flows. Most computational tools
simulate Newtonian fluids (e.g., HEC-RAS and HEC-
HMS), and a few others work with non-Newtonian flows
(e.g., DAN-W, FLO-2D, and FLOW3D) [45]. For reasons
of scale of the physical experiments, level of detail in the
modeling, and capabilities of the software, Ansys® Fluent
was selected for this research as the computational tool.
Ansys® Fluent is a well-known tool that uses the approx-
imation method of finite volumes with center in each cell,
whereby the flow variables are stored in the centers of the
volumes of the mesh [46—48].

Ansys® Fluent solves the equations of conservation of
mass and momentum using a technique based on control
volume, which includes: (1) dividing the domain into dis-
crete control volumes using a computational grid; (2)
integrating the governing equations in the individual con-
trol volumes, and thereby constructing algebraic equations
with discrete dependent variables (unknowns) such as
velocity, pressure, and temperature; (3) linearizing the
discretized equations and solving the resulting system of
linear equations to obtain updated values of the dependent
variables.

In this research, a multiphase volume-of-fluid method
(VOF) was employed, which is a free-surface tracking
technique applied to a fixed mesh designed for two or more
immiscible fluids, given that the position of the interface
between the fluids is of interest. In the VOF method, the
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fluids share a single set of momentum equations and the
volume fraction of each fluid in each computational cell is
tracked throughout the domain. Thus, the selected primary
phase was air, which occupies the largest portion of volume
of the model, and the secondary phase was the liquefied
tailings.

The geometry and meshing of the computational domain
were defined from the “Workbench” interface of the pro-
gram. The mesh was of unstructured automatic type with
cubic cells of 2-cm side length. Mesh-independence tests
were performed with cells of 5, 3, 2, 1, and 0.5-cm side
lengths; it was concluded that, for meshes of 2, 1, and
0.5 cm, the results did not differ more than 1% in terms of
resulting flow length and width. The mesh of 2-cm reso-
lution was then selected as the optimum mesh, being the
finest to achieve a good level of detail in the results and,
simultaneously, the coarsest to save computational time
(see Fig. 7).

The container from which the tailings flow was released
was also included within the model geometry, specifically
the 10-cm-wide gate from the physical experiments (see
Fig. 7). Around the region of the container gate, the mesh
was refined to 1-cm size. Overall, computational running
times were close to 12 h per simulation.

Due to the mesh size, the released flow rate was very
high at the beginning, and hence, Froude numbers excee-
ded the program’s capacity of 250, and the computation
was aborted in less than half of the final time. Therefore, it
was necessary to decrease the time-step interval of the
calculations to 0.0001 s.

The boundary conditions adopted for the base and walls
of the numerical flume were “wall”-type boundaries in
non-slip condition. Under these conditions, when the flow
approaches any wall, it acquires a velocity equal to the
wall’s velocity. For the modeling, a stationary wall with
zero velocity was used.

The numerical solution scheme adopted was a PISO
algorithm type. Thus, pressure and velocity values during
the non-iterative calculation of unstable compressible flows
were determined. With this method, the interaction of a
predictor step and two corrective steps that increase the
accuracy of the results was implemented.

Finally, the input parameters for the liquefied tailings
were swept between densities of 1400 to 1800 kg/m® and
Newtonian-fluid viscosities of 1.79 to 3.07 Pa's. These
parameters span above and below the experimentally
measured values (see Sect. 4 for details). That is, the
parameters adopted for the numerical simulations matched
those measured during the physical experiments. No sur-
face-tension considerations were made for the at-rest lobe
during the analyses.

To check the numerical results with respect to mass
conservation, the volume of the spilled lobe at the end of
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the simulations was compared against the initial volume.
The results obtained by extracting the volume fraction of
each phase (i.e., air and liquefied tailings) for each cell
showed that the differences in mass were within & 2%.

4 Results and Discussion
4.1 Tailings Properties
4.1.1 Index Properties

TCLP results indicate that the concentrations of heavy
metals in the tailings are below the limit of detection,
except for arsenic. However, the measured arsenic con-
centration is 0.0042 mg As/L, which is well below the
maximum concentration for toxicity of 5 mg As/L, as
established by the EPA [49]. The measured pH values are
8.09 (coefficient of variation CV = 0.63%) for the lique-
fied-tailings paste, and 7.93 (CV = 0.32%) for the super-
natant sitting above a fresh paste. In both cases, the results
showed a slightly alkaline aqueous solution.

During the handling of the tailings samples for liquid
limit testing, despite their plasticity, segregation was
observed in the wet mass of tailings, such that a film of
water appeared rapidly above the mineral fraction. Because
of the latter reason, and because the tailings were always
handled wearing nitrile gloves, performing the plastic limit
tests (rolls method) was extremely difficult.

The water content of the tailings, as received from the
filtering-plant site, is 21.7% on average (CV = 1.4%). On
the other hand, the equivalent gravimetric water content in
the prepared liquefied tailings (at 70% solids concentra-
tion) is 43%. The liquid limit results obtained with the fall-
cone method show values 20% higher than those measured
using the Casagrande cup (see Table 2).

The USCS geotechnical classification of the filtered
tailings used in this research, based on the Casagrande cup
results, is CL (low-plasticity clay). Grain-size distribution
curves of the tailings (see Fig. 8) indicate that the sand-size
fraction, mostly fine sand, is 23.7% (CV = 4.1%), the silt-
size fraction is 73.4% (CV =10.2%), and the clay-size
fraction is approximately 2.9% (CV = 1.4%). Mean
diameter Dso is 0.032 mm. For comparison, the mean

Table 2 Consistency limits measured in the tailings (average; CV in
parenthesis)

Method LL (%) PL (%) PI (%)
Casagrande cup 26.4 (2.3) 17.9 (38.6) 8.6 (15.2)
Fall cone 31.7 (3.9) 13.8 (14.3)
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Lighting
system

High-speed
camera

Fig. 5 Location of lighting and video camera for the benchmark
experiments in the flume

diameter of conventional gold tailings at dam beaches
typically ranges from 0.053 to 0.095 mm [50].

Interestingly, despite the fact that the dominant fraction
is silt-sized, the USCS classification is clay. Considering
that the tailings used in this study come from a filter-de-
watering plant, the obtained grain-size distribution results
suggest that the in-plant transit of the tailings through the
filter press influences the grain-size distribution. That is, it
is possible that the expelled water drags the clay-sized
particles across the openings of the filter cloths and off the
tailings mass. However, more data are required to confirm
this observation.

The tailings’ measured specific gravity is 2.77 on
average (CV = 4.13%); for comparison, conventional gold
tailings at dam beaches show specific gravities ranging
from 2.69 to 3.20 [50]. Finally, the density of the liquefied-
tailings pastes, as measured after gravity settling with a
concentration of solids of 70%, is 1610 kg/m’
(CV =4.79%).

4.1.2 Rheological Properties
The rheometric results for the liquefied-tailings samples

recovered immediately after each of the five benchmark
spill experiments are presented in Fig. 9. Each flow curve

Container gate

High-speed
camera

Depth 3"

Fig. 6 Local-measurement points and dimensions on the spilled
tailings at-rest lobes

in the figure corresponds to one separate benchmark
experiment.

Best-fit analyses were performed considering three dis-
tinct rheological constitutive models. First, under the
original assumption that the liquefied tailings would
behave like a non-Newtonian fluid, a Bingham plastic-
model fit (i.e., linear trend with positive vertical-axis
intercept) was assessed. However, this fitting delivered
negative values for the yield stress (— 4.77 to — 0.60 Pa).

Second, to evaluate whether the data would follow a
dilatant or pseudo-plastic model, a power-law fit was used.
This fitting yielded a correlation of R* = 0.92, with coef-
ficient 1.92 (consistency index) and exponent 1.09 (be-
havioral index). The latter index represents the deviation of
the rheological behavior from that of Newtonian fluids. In
fact, if the behavioral index is greater than 1.0, the behavior
is classified as dilatant; otherwise, it is pseudo-plastic. The
resulting exponent indicates that the liquefied tailings of
this study depict slightly dilatant behavior. However, with
only 9% difference with respect to unity, these results
suggest that the assumed non-Newtonian behavior of this
material is not significant; that is, the behavior of the lig-
uefied-tailings paste is practically Newtonian.

Finally, and based on the reasons above, the third
attempt to fit the experimental data was linear again,
though enforcing zero-yield stress; that is, a Newtonian
rheological constitutive model, despite the relatively high
solid content of 70%. The resulting average viscosity of the
tailings is 2.55 Pa s if calculated averaging the five flow
curves (see Fig. 9), or 2.62 Pa s if calculated using all the
86 measured data points from this study.

The cause for the virtually Newtonian response of the
liquefied filtered tailings is still unclear, though the possible
loss of clay fraction during in-plant filtering may be
responsible (see Sect. 4.1.1), which would inhibit the
development of yield stress. The absence of clay minerals
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in turn would prevent electro-chemical forces from devel-
oping within the tailings. As mentioned earlier, more
research is required to confirm these statements.

4.2 Physical Experiments

The experimental results and local measurements of length,
width, and thickness of the at-rest “footprint” (lobe) of the
tailings flow produced after each benchmark experiment
are presented in Table 3 and Fig. 10. In addition, Fig. 11
shows the plan-view contours of the lobes resulting from
each experiment, as digitized from the photographs
obtained.

From the five experimental videos recorded, the elapsed
time for the flows to reach their runout distance is less than
3 s; thus, the calculated average Reynolds numbers of the
tailings flows do not exceed 71 in the experiments, which is
virtually within the laminar regime. In addition, no vortices
or visual evidence of turbulence was observed.

4.3 Numerical Experiments

Table 4 shows a summary of the numerical results
obtained, specifically the dimensions of the at-rest lique-
fied-tailings lobes. Figures 8, 9, 11, 12 present plan-view
and cross-section results, respectively, of the numerically
simulated lobe calculated using a Newtonian-fluid consti-
tutive rheological model with average density of 1610 kg/
m’® and average viscosity of 2.62 Pa s (i.e., the parameters
measured experimentally). It can be seen that, between the
physical and numerical results, the agreement is within
— 5% and 4+ 14% in length and width, respectively; the
local depth measurements are within the same order of
magnitude. Because no visual evidence of turbulence was
physically observed, these numerical results do not account
for possible transient turbulent behavior during the lique-
fied-tailings flows.

The results of this benchmark problem are specific to
laboratory scales. It is foreseen that, upon attempting to
adapt this concept to the actual scale of a tailings storage
facility problem, the scaling factor would be a fundamental
constraint. Indeed, considering that the flow velocity in a

Table 3 Local measurements in the spilled tailings at-rest lobe

‘0
0.000 1.000 (m) <
[ S| 4

0.500

Fig. 7 Numerical model of the flume and tailings container

real breach release is very high, and that the level of pre-
cision required to implement a finite-volume mesh is also
high, the computational expense may yield the simulation
cost-prohibitive, despite that computational instabilities
can be corrected with gradual adjustments of simulation
time-step.

5 Conclusions

This paper presents a laboratory-scale benchmark case of
liquefied-tailings flow. The at-rest shapes of a series of
physical experiments of filtered-tailings liquefied-paste
flow are compared to those predicted via computational
fluid dynamics (CFD) simulations. This benchmark prob-
lem will aid numerical research specific to tailings flows.
The following major conclusions can be stated:

1. Unlike the initial premise, the liquefied filtered tailings
used show essentially zero-yield stress as well as low
viscosity (about 2.6 Pa s). Therefore, these liquefied
tailings exhibit a practically Newtonian behavior
despite its relatively high solid concentration (70% in
weight). From a rheological point of view, the behavior

Experiment Length (m) Width (m) Depth at the gate (m) Depth at 30 cm downstream (m) Depth at the downstream end (m)
1 0.900 0.890 0.048 0.039 0.005
2 0.715 0.800 0.066 0.045 0.013
3 0.690 0.765 0.065 0.047 0.010
4 0.785 0.790 0.054 0.041 0.008
5 0.655 0.723 0.070 0.046 0.012
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Fig. 8 Grain-size distribution of the tailings used
Table 4 Average dimensions of the at-rest lobes (and coefficient of variation)
Lobe dimension Physical experiments Numerical experiments
Length (m) 0.75 (12.9%) 0.71 (5.8%)
Width (m) 0.79 (7.8%) 0.90 (8.6%)
Depth at the gate (m) 0.06 (15.2%) 0.16 (3.5%)
Depth at 30-cm downstream(m) 0.04 (7.9%) 0.06 (0%)
Depth at the downstream end (m) 0.01 (33.4%) 0.04 (0%)
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Fig. 9 Flow curves of the liquefied tailings, fitted to Newtonian rheological models
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(b)

Fig. 10 Footprints (lobes) resulting from the benchmark experiments. a Appearance of the lobes; b still images from side-view high-speed video



International Journal of Civil Engineering

Experimento 1
Experimento 2
Experimento 3
Experimento 4

Experimento 5

b

Fig. 11 Plan-view comparison of the flow lobes: the five physical experiments vs. the numerical experiment with average density and viscosity

Fig. 12 Cross section of the at-rest flow lobe, obtained numerically
with average density and viscosity

of a filtered-tailings paste can be attributed not only to
its mineral signature, but also to the possible loss of
clay minerals in the tailings because of in-plant
filtering dewatering. The absence of clay fraction
explains the virtually zero value of yield stress in the
liquefied tailings.

2. The use of a Navier—Stokes model, approximated using
the CFD finite-volume VOF technique, simulates well
the at-rest shape of a liquefied-tailings flow at labora-
tory scale (the physical and numerical results agree
within — 5% and + 14% in length and width of the at-
rest lobe, respectively). In this study, the physical
parameters measured in the laboratory were used as
input values for the numerical simulations. However,
this study does not account for transient turbulent
behavior during liquefied-tailings flow.
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