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An experimental study on tailings deposition characteristics and
variation of tailings dam saturation line
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Abstract.

This study adopted soil test and laboratory physical model experiments to simulate the tailings impoundment

accumulation process according to the principle of similarity. Relying on the practical engineering, it analyzed the tailings
deposition characteristics on dry beach surface during the damming process, as well as the variation rules of dam saturation line.
Results suggested that, the tailings particles gradually became finer along the dry beach surface to inside the impoundment. The
particle size suddenly changed at the junction between the deposited beach and the water surface, which displayed an obvious
coarsening phenomenon. Besides, the deposited beach exhibited the vertical feature of coarse upward and fine downward on the
whole. Additionally, in the physical model, the saturation line elevated with the increase in dam height, and its amplitude was
relatively obvious within the range of 1.0-4.5 m away from the initial dam. Under flood condition, the saturation line height was
higher than that under normal condition on the whole, with the maximum height difference of 4 cm. This study could provide an
important theoretical basis for further studies on dam failure experiments and the evolution rules of leaked tailings flow.
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1. Introduction

With the rapid development of current mining industry
in recent years, the number and scale of tailings
impoundment are increasing (Tian and Chen 2015). Tailings
impoundments are the essential structure during the normal
production of mine, which are also the potential major
hazard source in the safe production of mine (Yin et al
2011, Wang et al. 2019, Santamarina et al. 2019). In case of
tailings dam failure, the tailings, mud and water in the
impoundment are discharged downward to form the
mudslide, which severely damage the life and property of
the downstream residents, and induce serious environmental
disaster (Darren et al. 2019, Nam et al. 2019, Rico et al.
2008). The cause and mechanism of dam break vary to
some extent among different tailings impoundments (Zheng
et al. 2019, Zhou and Cheng 2014). Currently, various
theoretical analyses and experimental measurements are
performed to explore the mechanism of tailings dam failure.
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It has been found that, main external causes of dam failure
include seepage failure, dam foundation instability, flood
overtopping, and earthquake-induced liquefaction (Zhang et
al. 2019, Tian et al. 2017, Sun et al. 2012).

With regard to the stability of tailings impoundment, on
the one hand, it is determined by the tailings physical-
mechanical properties and the stockpiling pattern (Jing et
al. 2019); on the other hand, it is determined by the tailings
particle deposition characteristics (Parbhakar-Fox et al.
2018, Wang et al. 2018, Jia et al. 2012). Therefore, it is of
great significance to investigate the deposition rules of dry
beach particles in tailings impoundment for evaluating the
tailings impoundment stability; meanwhile, it is of guiding
significance to optimize the ore drawing manner in the mine
(Muceku et al. 2016, Wei et al. 2013). At present, the
upstream damming method is extensively adopted in
tailings impoundment, in which the deposition rules of dry
beach particles are affected by factors like tailings particle
size, pulp density, flow velocity, ore drawing location and
ore drawing method. As a result, the deposition
characteristics of tailings particles on the dry beach surface
are extremely complicated, which also lead to obvious
differences in tailings particle composition and physical-
mechanical properties (Dutto et al. 2017, Cai et al. 2019,
Marsooli and Wu 2014). While saturation line is the direct
manifestation of tailings dam safety, which is the
intersection between the seepage flow surface and the dam
body cross section. Its downside soil mass is at an saturated
status; due to the seepage force of seepage water, the
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(a) Initial dam

(c) Dry beach

position and shape of saturation line inside the dam body
have great impacts on the dam body stress, soil mass shear
strength and dam body permeability stability.

Currently, researchers have carried out extensive
investigations on dam break mechanism and dam break
simulation (Deng et al. 2016, Alhasan et al. 2016).
However, little research is done on the tailings particle
deposition rules based on the laboratory damming physical
model experiments and field experiment, and more indepth
and systemic research is necessary (Owen et al. 2020,
Mizani 2010). By using physical model experimental
investigation, the prototypical mechanics and motion were
deduced according to principle of mechanical similarity. It
helped to more intuitively reflect the engineering practice,
more precisely predict the prototype stability development
trend, and probe the dam body defect.

Therefore this study adopted the real tailings
impoundment as the prototype, the tailings from the dry
beach surface and dam body were sampled for screening
experiments. Besides, the soil test and laboratory physical
model experiments were performed to simulate the tailings
damming process according to the principle of similarity. It
then analyzed the tailings deposition characteristics on dry
beach surface during the damming process, and the
variation rules of dam saturation line, relying on the
practical engineering. The experimental results were
consistent with the practical engineering and numerical

(d) Backwater dam
Fig. 1 The components and structures of tailings impoundment

simulation results of this research (Li et al. 2020, Wang et
al. 2019). This study could provide an important theoretical
basis for further studies on tailings dam stability, and the
evolution simulation of leaked tailings flow.

2. Model and computational method

In this study, a tailings impoundment in Sichuan
Province of China was treated as the engineering
background. This tailings impoundment is the valley-type
tailings impoundment, with the geomorphic unit of
mountain alternating with ravine landform. In that tailings
impoundment, the dam was constructed at the valley mouth,
the width at the dam axis was about 120 m, which was
gradually widened towards the interior of valley, and the
maximum width of effective tailings accumulation range
reached about 1200 m at the valley bottom. The terrains in
both sides of hillsides were slow, which changed by about
25°-35° along with the landform, and the total catchment
area inside the impoundment was about 6.51 km?.

2.1 Geological conditions of tailings impoundment
The initial dam crest elevation in that tailings

impoundment was 1975 m, the dam height was 32.0 m, the
designed dam surface width was 4.0 m, the downstream
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Table 1 Tailings particles size distribution parameter

Size Distribution/ %

Tailings Type dio dso dso deo Cu Ce
<0.074 <0.1 <0.25 <0.5 <2
Medium sand 14.50 2424 4633 7934  96.32 99.22 0.040 0.139  0.278 0.354 8.850 1.364
Fine sand 14.08 2751 6643 9237  98.19 99.52 0.042 0.110  0.187 0.225 5.357 1.280
Silt 43.34 62.35  94.80 99.81  99.99  100.00 0.006 0.036  0.097 0.083 15397  2.121
Table 2 Tailings basic physical and mechanical parameters
Tailings Moisture Osmotic Void ratio Proportion Cohesive . “?temal
sample content coefficient Gs force friction angle
o/ % ¢/ kPa @/°
Medium sand 19.00 7.44%1073 0.55 2.70 55.42 31.70
Fine Sand 9.90 5.76x1073 0.85 2.92 49.18 31.85
Silt 19.00 5.19x1073 0.55 2.70 40.15 31.31
Based soil 20.00 4.36x107 0.46 1.80 21.17 31.95
100 B o . ) )
. 2.2 Tailings physical-mechanical parameters
5 T —+— Medium sand
2wl 8- Fine Sand . . . . .
g " o Field sampling was carried out for soil mechanical tests,
5T such as particle screening, permeability tests, and triaxial
£ oar shear test, so as to examine the tailings particles size
ER distribution and physical-mechanical properties (Aly et al.
g ol 2012, Gawu and Fourie 2004, Pashias 1996), as presented
P ol in Table 1 and Table 2. Meanwhile, the tailings particle
e grading curve was obtained, as exhibited in Fig. 2.
z T where, d, denotes the mass percentage (n%) of particles
o 7 smaller than such particle size in the total particle mass; Cu
" : . ;:‘]”“— - and Cc represent uniformity coefficient and coefficient of
. .0 .

Particle size/ mm

Fig. 2 Tailings particles grading curves

dam slope ratios were 1:2 and 1:5, while the upstream dam
slope ratio was 1:1.75. Besides, the external bottom width
of the initial dam was 13.98 m, the internal bottom width
was 12.7 m, the top width was 131.8 m, the dam body
bottom thickness at vertical dam axis direction was 161.8
m, the dam height was 36.0 m, and the overall dam volume
was about 139600 m?.

The fill dam crest elevation in that tailings
impoundment was 2005 m (the height above sea level), and
the dam height was 62 m. The upstream damming
technology was adopted, the subdam was constructed using
the coarse particle tailings deposited in front of the
impoundment, each level of subdam was 5 m in height, with
the external slope ratio of 1:3.5, and the total slope ratio of
1:4.233. The sub-dams located upstream of the main dam,
where the tailings can be deposited and, consequently, the
decrease of the streambed slope and the increase of the
storage capacity of the reservoirs.

The dry beach length of the tailings impoundment was
always over 350 m, and the average slope ratio of the dry
beach was 1.55%. Facilities, such as impervious dam
(pond), pump station and backwater dam, were set in the
downstream reservoir area, and the capacity of reservoir
was about 300000 m?. The components and structures of
tailings impoundment are displayed in Fig. 1.

curvature, respectively. Additionally, medium sand
suggested that the mass of particles with the particle size
>0.25 mm accounted for 50% of the total mass. Fine sand
represents that mass of particles with the particle size
>0.074 mm accounted for 85% of the total mass, while that
of silt accounted for 50%.

In Table 1 and Fig. 2, the tailings contents within the
three particle size ranges differed substantially, which might
be mainly induced by the inter-particle acting force. A large
number of small particles were adhered onto the large
particles, and the crude and fine particles might not be
completely separated when selecting, thus increasing the
content of large particles. The grading uniformity
coefficients of samples (Cu) were greater than 5, and the
coefficients of curvature (Cc) were between 1 and 3, which
displayed unevenness and well grading of the samples.

In Table 2, the tailings basic physical and mechanical
properties provided basic parameters for the physical model
experiments. They mainly included moisture content, void
ratio, proportion, cohesive force, shear strength, etc.
Meanwhile, they offered the fundamental data for analyzing
the tailings dam stability.

2.3 Similar physics parameters

According to the tailings impoundment design data and
reservoir area landform, the geometric proportion of this
experiment was determined to be 1:150, in other words, A,
=1,/1,=150. According to the Froude similarity
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(2) Dry beach surface formed during the damming process

(b) Full view of the physiéal model after damming

Fig. 3 The experimental site of the physical model

Table 3 Similarity scale between model and prototype
parameters

Parameters Ratio Scale Parameters Ratio Scale
Length A,=150 Rate of flow do= > =150*°
Displacement 1:150 Volume 1:150°
Flow velocity i‘,=\//1_1 =150%  Cut-off area A= 242=150?
Time  A~/2; =150
Table 4 Selection of physical model experimental
parameters
Lengthxwidth/ FIOW Rate of Ore drawing
Parameters velocity/ flow/ .
m 3 consistence
cm/s m’/s
Test value 11.0x7.5 8.26 7.9¢7 60%

criterion (Xue et al. 2019, Yin et al. 2011), the relationship
similarity scale of each parameter between the model and
the prototype was speculated, as displayed in Table 3.
Froude criterion is the foundation to design the model
experiment, which is applicable for the water flow
movement similarity criterion when gravity serves as the
main acting force (Xue et al. 2019, Penel 1975), as
expressed below.
Po YA

Fr= L =— (1)
VR VA% Jol

where Fr represents the Froude number, F; is the inertial
force, Fgis the gravity; v is the velocity, p is the density, / is
the characteristic length, while g indicates the gravitational
acceleration.

The dynamic similarity satisfied the Froude criterion
(Penel 1975), namely:

Frp =Fr, )

where Fr, and Fr, indicate the Froude numbers of prototype
and physical model, respectively.
According to our previous research (Wang et al. 2019,

Tian and Chen 2015, Li ef al. 2020), the tailings flowing
process can be deemed as the movement under the
combined action of gravity and viscous force, and it is
dominated by gravity. Therefore, gravity similarity was
selected as the material selection principle, and the Froude
criterion should be satisfied when carrying out model
experiment.

2.4 Physical model parameters

Model fluid should satisfy the gravity (Froude)
similarity criterion and viscous force similarity criterion.
Consequently, the mud-rock flow proportion in the test
material used in that model was 60%, and tailings from the
miner (dse= 0.034 mm) were selected as the flowing
material in this model experiment. Additionally, Table 4
shows the selection of mainphysical model experimental
parameters.

The tailings impoundment dam model is constituted by
four parts, including thoughs, ore drawing system,
groundwater level measuring system and the infiltration
system. The groundwater level measuring tube was the ®50
PPR pipe, which was connected to the @5 lucite pipe to
facilitate measurement. The tailings pulp delivery pipe was
the @75 PPR pipe, and a spherical valve was placed at the
front of the ore drawing branch to control the tailings pulp
flow rate. The prepared tailings pulp was stirred using the
blender, discharged to the reservoir area via the delivery
pipe; in this way, the tailings impoundment accumulation
process was simulated. Meanwhile, the changes in water
level were read and recorded, and the tailings were sampled
on the dry beach surface. Fig. 3 displays the dry breach
surface formed during the damming process and the
physical model after damming.

3. Result and discussions

3.1 Tailings discharge and damming process

Tailings impoundment is formed due to the deposition
of water power ore drawing in dressing mill, and its internal
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>

(a) Groundwater level measuring system and infiltration (b) Sampling on the dry beach surface of the damming model

system

Fig. 4 Groundwater level measuring and sampling method

‘ (a) Tailings pulp fan-shaped diffusion

(b) Groove channel on the deposited beach surface

Fig. 5 The tailings deposition pattern of the physical model

structures, such as particle size and pore distribution rules,
are the important factors affecting the tailings impoundment
stability (Hiibl and Steinwendtner 2001, Wei et al. 2019).
Therefore, it is of great significance to investigate the
tailings deposition rules. Fig. 4(a) shows the groundwater
level measuring system and the infiltration system of the
damming model. While during the damming experimental
process, tailings were sampled along the central axis of the
model at an interval of 40 cm when piled up to different
heights; in addition, every four levels of the fill dam (20
cm) were treated as one layer for sampling, as shown in Fig.
4(b), and the selected tailings samples were performed
particle size analysis.

After tailings pulp was discharged from the ore drawing
branch, the energy dissipation pit was formed on the
deposited beach. This was mainly because that, this tailings
pond adopted the multi-tributary disperse ore drawing in
front of the dam, so the tailings pulp flowing out from the
discharge pipe formed the impact energy dissipation pit
around the discharge outlet as a result of pulp impact. And
the pulp diffused into the reservoir in a sector manner with
the energy dissipation pit as the starting point, due to the
dam body obstruction, as shown in Fig. 5(a).

During the tailings pulp diffusion process, the horizontal
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Fig. 6 Changes in median particle diameter (d50) with the
distance from the dam crest

flow velocities offset each other at the junction of two
sector areas, the flow velocities towards the reservoir
superposed each other to increase the flow velocity, which
enhanced the capacity to carry sediments. Consequently, the
tortuous groove channel was formed on the deposited beach
surface, as displayed in Fig. 5(b).

Then, the tailings pulp flowed to the periphery of energy
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140
—4— Level 6 subdam
120 F —=— Level 12 subdam

Level 18 subdam

—+— Level 23 subdam
100
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Vertical elevation/ em

Median particle diameter (d50)/ mm

Fig. 7 The relation between the median particle diameter
(d50) of dry beach samples and the vertical elevation of
deposited beach

dissipation pit and formed the fan-shaped alluvial flat
centered on the energy dissipation pit, which was carried by
the pulp and flowed to the reservoir tail. In the meantime,
most suspended particles with small particle size slowly
deposited only in the lentic environment, which might
resulted in the obvious reservoir tail refinement
phenomenon.

3.2 Tailings deposition characteristics

Fig. 6 exhibits the changes in median particle diameter
(dso) with location obtained based on the experimental data.
As observed from Fig. 6, the coarse particles were
deposited in front of the dam, and the fine particles were
distributed around the reservoir tail. With the increase in
distance from the dam crest, the median particle diameter
(dso) of tailings decreased on the whole. At the junction
between the deposited beach that was 200 cm away from
the dam crest and the water surface, the median particle
diameter increased suddenly. After analysis, this
phenomenon might be that, the large particles in tailings
pulp were slightly affected by current scour at a place far
away from the dam crest, and they continued to move
depending on inertia and their own gravity (Kim et al.
2019, Okuda et al. 1980). During the movement process,
their velocity gradually decreased due to the friction of the
deposited beach, they stopped moving when they moved to
the water surface junction as a result of water obstruction in
the reservoir, and finally deposited at the junction between
the deposited beach and the water surface.

Fig. 7 shows the relation of median particle diameter
with the vertical elevation. As observed from the figure,
when the fill dam accumulated upward at a certain slope
ratio, the vertical direction of the deposited beach showed
periodical changes, which generally manifested as the
gradually decreased particle size with the increase in height.
Moreover, it was also discovered that, the crest particle size
suddenly decreased in each period. This was because that,
the sand flow velocity reduced suddenly on the dry beach
surface when the discharge stopped, the tailings developed
hydrostatic deposition on the deposited beach, thus giving

rise to the phenomenon of first increase and then decrease
within each period (Alexey 2016, Mahdi ef al. 2020).

3.3 Saturation line variation rules

Accurately obtaining the saturation line position in the
tailings dam body is the foundation of static and kinetic
stability analysis of the dam body. To this end, a device for
observing the saturation line was set in the experimental
system. When the tailings dam was constructed to various
heights, water was injected into the reservoir, and the dry
beach length was controlled at 67 cm (equivalent to 100 m
in field) and 200 cm (equivalent to 300 m in field),
respectively. In addition, the changes in saturation line
under flood and normal working conditions were simulated,
respectively, and corresponding data were obtained through
measuring the water level height of the observation tube, as
shown in Fig. 8 and Fig. 9.

As acquired from Figs. 8 and 9, the saturation line
gradually elevated with the increase in dam height. Under
normal condition, the saturation line buried depth ranged
from 4.0 to 88.0 cm at different dam heights, while that
under flood condition was 4.0-92 cm. The saturation

100

90 k +— Level 6 subdam
-
—=- Level 12 subdam
80 F od
Level 18 subdam
L
- Level 23 subdam

Height of saturation line/ cm

0 100 200 300 100 500 600 700
Distance from initial dam/ cm

Fig. 8 The saturation lines variation of physical model
under normal condition

100

%0 | +— Level 6 subdam = 9
-8~ Level 12 subdam ]
80 | Level 18 subdam

#— Level 23 subdam

Height of saturation line/ cm

0 100 200 300 100 500 600 700
Distance from initial dam/ cm
Fig. 9 The saturation lines variation of physical model
under flood condition
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line variation trend under flood condition was similar to that
under normal condition, but the height of saturation line
under flood condition was higher than that under normal
condition, with the maximum height difference of 4 cm.
The saturation line was not markedly changed within the
range of 0-1.0 m away from the initial dam, while that was
obviously changed with dam height elevation within the
range of 1.0-4.5 m away from the initial dam.

Thus, it was clear that, the overall stability of tailings
pond declined under the flood working condition, which
increased the risk of dam failure. At the same time, the dry
beach length of tailings impoundment had great influence
on the flood regulation storage capacity. Typically, a longer
dry beach length resulted in a greater flood regulation
storage capacity and the relatively higher safety. Such
experimental conclusion conformed to the engineering
practice.

4. Conclusions

With reference to the prototype tailings impoundment
design data, this study conducts the tailings laboratory
damming model experiments based on the similarity theory
for physical simulation of the tailings damming process.
Besides, the deposition characteristics of tailings on the dry
beach surface during the damming process and the variation
rules of dam saturation line are investigated.

e According to our research, the tailings particles

gradually become finer along the beach surface axis
towards the reservoir, but they suddenly change at the
junction between the deposited beach and the water surface,
and obvious coarsening phenomenon can be observed. As
the fill dam is accumulated upward at a certain slope ratio,
the deposited beach shows the vertical feature of coarse
upward and fine downward, and the crest particle diameter
suddenly decreases in each period.

» Moreover, phenomena such as alternating changes of

particle size, and thick and thin interlayer, are observed at
diffprpnf Adenthe

 In the meantime, the saturation line gradually elevates
as the dam height increases; the dam saturation line is not
markedly changed within the range of 0-1.0 m away from
the initial dam, while that is obviously changed with dam
height elevation within the range of 1.0-4.5 m away from
the initial dam (in tha madeal)

e The variation trend of saturation line under flood
condition is similar to that under normal condition, but the
height of saturation line under flood condition is higher than
that under normal condition, with the maximum height
difference of 4 cm.

This paper applies the related soil mechanical tests and
laboratory model experiments in investigation, and the
research results can provide theoretical foundation for
tailings dam stability analysis, as well as dam break-
induced disaster prevention and mitigation.
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