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Abstract: Once the flood overtopping accident of a reinforced tailings dam occurs, it will cause great
property losses and serious environmental pollution to the downstream residents. In order to further
study the microscopic characteristics of the hydraulic erosion of reinforced tailings dams, considering
that the beginning of reinforced tailings particles is the basis of flooding and erosion of reinforced
tailings dams, in this paper, a reinforced tailings hydraulic erosion facility was used to carry out
the tailings particle start-up test with reinforcement spacing of 5.0, 2.5, 1.7, 1.3, and 1.0 cm, and
the influence the law of critical incipient velocity of tailings particles with different reinforcement
spacing was revealed. The test results show that, the smaller the reinforcement spacing, the larger the
incipient velocity of the reinforced tailings sample. Based on the sediment incipient motion theory, it
is assumed that the resistance direction of particle incipient motion is opposite to the particle motion
direction. A reinforcement coefficient is introduced to establish the incipient velocity formula of
reinforced tailings particles. This model can provide theoretical support for the study of the hydraulic
erosion rate of a reinforced tailings dam.

Keywords: reinforced tailings; reinforcement spacing; incipient velocity; reinforcement coefficient

1. Introduction

Tailings pond is used to discharge tailings or other industrial waste residue after ore
sorting [1]. Once the tailings dam break occurs, it will seriously threaten the safety of
downstream residents and facilities, and bring many environmental and disaster prob-
lems [2]. The U.S. Environmental Program has sorted out tailings dam accidents in the 20th
century. The main causes of the accidents are seepage damage, earthquake liquefaction,
and flood overtopping [3]. According to statistics, overtopping dam failure is the main
cause of tailing pond accidents, accounting for 36.9% of the total tailing pond accidents [4].

In order to prevent the tailings dam break from bringing serious property losses and
serious environmental pollution, people carried out a large number of indoor tailings
physical model tests. Dang et al. [5] studied the dam failure evolution stage of tailings
reservoirs with different stacking densities during flood overtopping. Wang et al. [6] and
Zhang et al. [7] discussed the dam displacement, phreatic line, dam break mode, and
development law of dam break through the flood overtopping dam break test of a tailings
reservoir. The reasons for dam break and the evolution of dam body failure of a tailings
pond under different rainfall conditions are studied in Jing et al. [8,9]. The causes of dam
failure caused by flood overflow of tailings pond are analyzed. Froehlich [10] thinks that
the development stage of dam break starts from the rapid increase of dam break and ends at
the end of dam break erosion. Hanson [11] used numerical simulation software to analyze
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the failure process and influencing factors of cohesive earth dam during overtopping and
breaking. Shakesby et al. [12] considered that the main causes of dam failure are the large
slope ratio of the dam body and the saturation of the tailings of the dam body through the
analysis of the tailings dam failure accident of a Zambian gold mine. Gens [13] and Maria
et al. [14] analyzed the process of gradual erosion damage of a tailings dam body through
overtopping tests of a tailings dam under different rainfall according to the influence law
of safety and stability of tailings dam changing with rainfall duration.

By adding geosynthetics to the tailings dam, the reinforcement effect can be achieved,
so as to improve the stability of the dam. Jing et al. [15] studied the internal pore water
pressure, earth pressure, phreatic line, dam failure, and other laws of tailings dam in the
overtopping process under different reinforcement densities. Jing et al. [16] carried out the
experiment of reinforced tailings dam overtopping, and the results show that the reinforced
tailings dam can effectively reduce the water erosion during overtopping.

Although there are some research results on the evolution law of dam failure, internal
stress, phreatic line, and displacement of reinforced tailings dam, most of them focus on the
macro failure behavior of the reinforced tailings dam when flood overtopping occurs, but
few on the mechanism of hydraulic erosion. The beginning of reinforced tailings particles
is the basis of flood overtopping erosion of reinforced tailings reservoir, but there are few
studies on the starting of tailings particles.

In terms of sediment incipient motion, a large number of studies have been carried
out. Einstein [17] introduced the coefficient of hidden storm for the first time and gave
the formula of incipient probability. Sundborg [18] believes that the important factors of
cohesive soil incipient motion are the gravity of particles and the shear strength of soil.
Kuhnle [19] studied the incipient shear stress of cohesionless mixed sand. Roberts et al. [20]
show that the incipient shear stress of sediment is related to particle size and density,
and ascends with the increase of density. Shamov [21] established the incipient velocity
formula of coarse sediment using the exponential velocity formula. Li [22] considered the
thickness of the near wall layer, water temperature, and sediment concentration, and the
incipient velocity formula of sediment was established. Sha [23] considered the adhesion
force and porosity caused by water contact, and established the formula of incipient
velocity of coarse and fine particles. Sun et al. [24] obtained the expression of viscous force
based on dimensional analysis and cross quartz test, and then proposed the formula of
incipient friction velocity of viscous non-uniform sand from the perspective of probability
theory and mechanics. Zhang [25] established a unified formula for incipient velocity
of sediment, which can reflect the influence of bed friction, sediment concentration, and
water temperature on the incipient velocity of sediment. These studies are mainly aimed
at sediment incipient motion, but there are few studies on the establishment of a tailings
particle incipient motion model in the process of reinforced tailings overtopping erosion.

In this paper, based on the reinforced tailings hydraulic incipient motion facility,
specifically developed for the present study, tailings from Yunnan province are used as
the test material to carry out the tailings particle incipient motion test with different rein-
forced spacing. Based on the previous research results of sediment incipient motion, the
reinforcement coefficient is introduced into the sediment incipient motion model, and the
incipient velocity formula of reinforced tailings particles is established, so as to provide
theoretical support for the study of hydraulic erosion rate of the reinforced tailings dam.

2. Incipient Motion Test Experiment of Reinforced Tailings

Adding reinforcement to tailings can effectively improve the shear strength of soil
and reduce the erosion of flow during flood overtopping. Considering that the starting
of reinforced tailings particles is the basis of reinforced tailings erosion, in order to study
the influence of reinforcement spacing on the incipient velocity of tailings particles in the
process of reinforced tailings dam hydraulic erosion, a set of reinforced tailings samples
with different reinforcement spacing were prepared.
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2.1. Experimental Facilities

The overall design of the device is shown in Figure 1. The specific design ideas of
the device are as follows: (1) A rectangular horizontal tube is made of transparent acrylic
material. The size is 180 cm long, 8 cm wide, and 5 cm high. The inner wall is smooth,
and the influence of hydraulic roughness can be ignored. (2) The round aluminum alloy
cylinder sleeve with a diameter of 5.0 cm is used as the sample tube, and the start-up
erosion test of reinforced tailings can be carried out by adding vertical reinforcing strips.
(3) Place a jack under the sample tube as the sample pushing device. The piston moves
the tailings sample upward by turning the screw rod. The screw rod moves upward by
0.33 mm for each rotation. The sample rises slowly by turning the screw rod by hand for
3~5 circles, and finally makes it flush with the lower surface of the horizontal pipe. (4)
Making a glass tank (length x width x height =2.0 m x 0.6 m x 0.6 m), which can be
used as starting water and erosion test water after full storage. (5) The water pump is
used as the power unit, with power of 1.5 kW, flow of 40 m?3/h, lift of 9 m, and outlet
diameter of 80 mm. (6) PVC pipe with DN of 75 cm is selected as the flow pipe. (7) A
high-resolution camera (1920 x 1080/50 frames) is used as the observation system to record
the sample start-up, erosion height change, and erosion time in real time. (8) The overflow
tank can keep the water level constant during the test. (9) The electromagnetic flowmeter
is used as the water flow monitoring equipment; the flow rate range is 1.19-119 m?/h and
the measurement accuracy is 0.01 m?/h, and the data can be read directly through the
electronic display screen.
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Figure 1. Reinforced tailings incipient motion test facility.

2.2. Preparation of Reinforced Tnilings Samples

In this incipient motion test, tailings from Yunnan Province were used. The parti-
cle size range was 0.005~0.15 mm, and the median particle size was 0.05078 mm. The
cumulative distribution curve of particle size is shown in Figure 2.

From the indoor reinforced tailings pond overtopping test model, it can be seen that
the laying mode of the band in the tailings dam is horizontal laying, as shown in the
Figure 3. At the beginning of the overtopping, the water flows along the dam from the top
to the foot of the slope, and the tailings particles on the dam begin to be under the condition
of water flow. Considering the influence of the belt on the starting of the tailing particles,
a small section of dy near the belt is taken for analysis. When d, is small enough, and to
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simplify the experiment, it is assumed that the direction of water flow is perpendicular to
the laying of the band, that is, the band is added vertically to the sample tube in this paper.

The incipient motion test steps of reinforced tailings are as follows.

First, preparation of water content: According to the geotechnical test standard, the
tailing sample with a water content of 15% is prepared and sealed for 12 h; before the
preparation of the sample, a small amount of Vaseline is evenly smeared on the inner wall
of the sample pipe to reduce the resistance between the tailing particles and the pipe wall
when the sample is pushed during the test.

Second, compacted sample: When preparing the unreinforced tailings sample, di-
rectly carry out a small amount of compaction treatment to ensure that the compaction
of the sample is basically the same. In the preparation of reinforced tailings samples, the
reinforcement spacing of the samples is 5.0, 2.5, 1.7, 1.3, and 1.0 cm, respectively. The rib
material is glass fiber window screen [26], and its aperture is 1.5 x 1.5 mm?; the function
of the thin acrylic plate is to fix the shape of the rib in the sample preparation process, and
keep the rib in the sample tube in a vertical state. No folding occurs; see Figure 4 for the
specific layout.

Taking one layer of reinforced belt as an example, the whole preparation process of
reinforced tailings sample is introduced, as shown in Figure 5. The specific process is as
follows: (1) weigh 200 g of tailings sample with good water content and divide it into two
parts; (2) place the reinforced belt vertically into the sample pipe after it is attached to the
acrylic plate; (3) fill the separated tailings between the reinforced belt and the pipe wall; (4)
simply initially compact the samples on both sides of the reinforced belt to ensure that the
reinforced belt is vertical during subsequent compaction; (5) place the thin acrylic plate and
take it out from the top of the sample tube; and (6) compact the whole reinforced tailings
sample with a compaction hammer from the top of the sample tube.

Finally, flattening sample: It is inevitable that a small amount of tailings will be ex-
posed from the bottom of the sample tube in the process of tamping the sample. Therefore,
after tamping the sample, it is necessary to flatten the tailings at the bottom of the sample
and cut off the exposed reinforcement. The final reinforced tailings sample is shown in
Figure 6.
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Figure 2. Cumulative distribution curve of particle size of the tailings sample.
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Figure 5. Preparation process of the reinforced tailings sample.



Water 2021, 13, 2033

6 of 12

Pt

(a) 1 layer of reinforcement (b) 2 layers of reinforcement (c) 3 layers of reinforcement (d) 4 layers of reinforcement

Figure 6. Sample diagram of reinforced tailings.

2.3. Experimental Procedures

First, fill a small amount of tailings with a good moisture content into the sample tube
many times to prepare samples, and measure the thickness of samples, so as to calculate
the density of the prepared samples.

Second, put the round sample tube into the horizontal tube of the incipient motion
test device, and adjust the jack manually to make the surface of the sample flush with the
bottom of the horizontal tube.

Then, open camera 1, electromagnetic flowmeter, and camera 2; slowly open the valve
to make the water flow in the horizontal pipe flow; and start the water pump to re-inject
the water into the storage tank, so as to ensure the constant water level.

Finally, slowly increase the valve. When the flow rate increases to a certain value, the
tailings particles will start, and record the reading of the electromagnetic flowmeter.

In addition, before the start of the test, it is necessary to verify the reliability of using
the electromagnetic flowmeter to calculate the flow velocity. Firstly, during the test, the
small balls are put into the horizontal pass from time to time, and then camera 1 is used to
take photos. The flow velocity is calculated by the tracing method. In fact, labels 1 and 2,
distanced from 0.5 m, are posted on the horizontal tube to facilitate camera 1 to track the
small balls, as shown in Figure 7.

Figure 7. Velocity measurement by the tracer method.

Among them, the flow rate Q can be recorded by electromagnetic flowmeter, which
can be converted into velocity by formula (1), so as to determine the flow velocity when
tailings particles start and erode.

Q
= = 1
u="= M
where, Q is the flow rate, m3/s; U is the flow velocity, m/s; and A is the cross-sectional
area of the pipeline, m?. Considering that the inner wall of the horizontal pipe and PVC
round pipe is smooth, the influence of hydraulic roughness can be ignored.
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After many verification tests, it was found that the flow velocity measured by the
tracer method was basically the same as that calculated by the flowmeter, which proves
that it was reliable to use the flowmeter to calculate the flow velocity.

Threshold criteria: The randomness of sediment threshold puts forward a criterion
for judging the threshold conditions. At present, a qualitative criterion is widely used in
the laboratory, that is to say, a small amount of sediment moving on some bed surfaces
is defined as the threshold criteria. The judgment method of sediment particle incipient
motion is the visual observation method. Although there is a certain visual deviation, if
the same person determines the particle incipient motion during the test, the judgment
standard will not be different owing to personal subjective consciousness. At the same time,
if the test is observed carefully, the error range is limited. Considering the limitation of test
equipment and the simple operation of this method, the visual inspection method is used
to judge the incipient motion of reinforced tailings particles. Finally, on the phenomenon of
sediment incipient particles, the phenomenon of a thin line of smoke behind the sample is
taken as the standard of a small amount of incipient motion for tailings particles; Figure 8
is the incipient motion diagram of tailings with different reinforcement spacing.

(d) 3 layers of reinforcement (e) 4 layers of reinforcement

Figure 8. Incipient motion diagram of tailings particles with different reinforcement layers.

3. Incipient Motion Test Results and Analysis

The main purpose of this start-up test is to measure the incipient velocity of tailings
particles with reinforcement spacing of 5.0, 2.5, 1.7, 1.3, and 1.0 cm (reinforcement layers of
0,1, 2, 3, and 4) under the action of water flow. In the process of the test, the density and
incipient velocity V.’ of the sample were recorded. The incipient motion test of reinforced
tailings was carried out under the reinforced spacing d of 5.0, 2.5, 1.7, 1.3, and 1.0 cm, and
the start-up velocity of reinforced tailings particles was obtained. See Table 1 for details.

The incipient velocity of tailings samples at different reinforcement spacings (5.0,
25,17, 1.3, and 1.0 cm) is shown in Figure 9. It can be seen from the figure that the
reinforcement spacing has an obvious influence on the incipient velocity of tailings particles.
With the increase of reinforcement spacing, the incipient velocity of reinforced tailings
particles decreases; the test shows that, when the reinforcement spacing is 2.5 cm, the
incipient velocity of reinforced tailings particles is 0.199 m/s, and when the reinforcement
spacing is reduced to 1.0 cm, the incipient velocity of reinforced tailings particles increases
to 0.234 m/s. According to the quasi cohesion principle of geo-grid reinforcement [27], it
can be considered that the tailing added with the reinforcement will increase an additional
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quasi cohesion, and the quasi cohesion provided by the reinforcement will gradually
decrease with the increase of the reinforcement spacing. Therefore, under the action of
water flow, the incipient velocity of reinforced tailing particles will decrease with the
increase of the reinforcement spacing.

Table 1. Incipient motion test data of reinforced tailings.

Median Sample . Flow Incipient
Diameter (clrin) N([a)s s Height ]()72;13?’ Rate Velocity R,
(mm) & (cm) & m3m) V. (m/s)
5.0 155 3.8 2.08 2.74 0.190 2909
2.5 212 5.2 2.08 2.86 0.199 3046
0.05 1.7 211 5.2 2.07 3.05 0.212 3245
1.3 214 5.3 2.06 3.12 0.217 3322
1.0 210 5.1 2.10 3.37 0.234 3582
0.30
027}
£
2024
g
[
2021t
c
2
=2
(8]
=
0.15 1 1 1 1 1 1

1 2 3 4 5 6
Reinforcement spacingd (cm)

Figure 9. Relationship between incipient velocity of reinforced tailings particles and reinforcement
spacing.

4. Incipient Motion Model of Reinforced Tailings Particles

At present, many studies have been done on the stress and critical incipient velocity
of sediment. A large number of incipient velocity formulas are also established, but there
is little research on the establishment of the incipient motion model of tailings particles in
the process of reinforced tailings dam overtopping erosion. The incipient motion model
of reinforced tailings particles is one of the foundations of the study on the asymptotic
erosion failure of reinforced tailings dam overtopping, which is of great significance to the
prediction of the time of tailings dam overtopping. Therefore, this paper mainly draws
on the research results of previous studies on sediment incipient motion. Considering the
blocking effect of reinforcement on particles, the reinforcement coefficient is introduced
into the incipient motion model of unreinforced tailings particles to establish the incipient
motion velocity formula of reinforced tailings particles.

4.1. Force Analysis of Particles

Under the action of water flow, the reinforced tailings particles are not only subjected
to effective gravity W/, drag force Fp, and lift force F, but also are subjected to the
resistance of the reinforcement belt to the particle incipient motion. Based on runoff erosion
mechanics under hedgerow, it is assumed that the resistance is Fr, and the action direction
of resistance is opposite to the direction of particle movement. The stress of reinforced
tailings particles during incipient motion is shown in Figure 10, and the expressions of
each force are as follows:

us
W' = Az (ps = p)gD’ @)
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D2 4V,

Fp = mAgk™ — 7C§ ®)
nD? 4V,

k= mAlT /YC; 4

where, C is the Chezy coefficient, m. In natural cases, can be assumed to be a constant
as a fraction of the thrust of a single sediment; k is the ratio of uplift force to flow thrust
intensity; V. is the average velocity; A1, A;, and Aj are constants depending on the shape
of sediment particles; and D is the incipient particle size, m.

Water flow

h

Fy
Fp
Fy
N

w'

v

Figure 10. Force analysis of reinforced tailings particles.

4.2. Establishment of Incipient Velocity Formula of Reinforced Tailings

In view of the fact that there is no specific expression of the resistance Fr of the
reinforcement to the particles at present, it can be seen that plants provide a resistance
and shielding effect when the particles start. Therefore, it is considered to introduce a
reinforcement coefficient f(d) to modify the incipient velocity formula of Cai [28], so as to
obtain the incipient average velocity formula of reinforced tailings particles:

Ve = f(d) Ve ©®)

The incipient velocity formula of Cai Rongrong is as follows:

_ 1 2
.
Ve — 0.0035 <Né> 15 ©)

Jn(s)t W
where, N is a constant, generally 11.6; R is the hydraulic radius, R = ab/2(a + b), where a
and b are the height and width of the rectangular pipe; n is roughness, n = 0.0526D'/6;
and Re,,; is the incipient Reynolds number of sediment.

According to the incipient velocity data of reinforced tailings in Table 1, the incipient
velocity V, of tailings without reinforcement is calculated according to Formula (6). At the
same time, the experimental value of the incipient velocity of reinforced tailings particles is
used. f(d) is calculated by formula (5), which is detailed in Table 2.

Taking into account the non-stiffened tailings incipient motion, that is to say, when
the reinforcement spacing is 5.0 cm, there is no reinforcement, so f(d) is 1, and when the
reinforcement spacing is 2.5, 1.7, 1.3, and 1.0 cm, the reinforcement produces a blocking
effect on the particle incipient motion, so the reinforcement coefficient should be greater
than 1, and d and f(d) are plotted for numerical fitting (Figure 11).

It can be seen from Figure 11 that, when the reinforcement spacing d continues to
increase, f(d) is closer to 1, which means that, with the infinite increase of reinforcement
spacing, the influence of reinforcement on tailings particles will almost not exist. Thus,
f(d) can be obtained by fitting the following:

£(d) =1+ 0.65¢(4/105) (R2 = 0.96) @)
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By substituting Formula (7) into Formula (5), the formula of incipient velocity of

reinforced tailings can be obtained, namely,

Vil = (1+065el~4/105em)). 7 ®

The confidence intervals of the constant, coefficient, and index in Equation (6) are

(0.98,71.02), (0.44, 0.69), and (0.82, 1.46), respectively.

V. is shown in Formula (6), as follows:

— 12
Ve :0.0035( NRe ) +15 )

V8nRey

Table 2. Reinforcement spacing and reinforcement coefficient.

Reinforcement coefficient f(d)

=
o

Median Diameter d — —
D (mm) (cm) V. (m/s) V. (m/s) fld)
5.0 0.187 0.190 1.016
25 0.187 0.199 1.064
0.05078 1.7 0.186 0.212 1.140
1.3 0.186 0.217 1.167
1.0 0.188 0.234 1.245
15

= Reinforcement coefficient
—— Reinforcement coefficient f(d) fitting curve
Confidence band

f(d) =1+ 0.65e(-%/1.05)
(R% = 0.96)

________________________________ =— - -1

09 1 1 1 1 1 1 1 1 1 ]
05 10 15 20 25 3.0 35 40 45 50 55

Reinforcement spacingd (cm)

Figure 11. The fitting curve of the reinforcement coefficient f(d).

5. Conclusions

@

)

®)

The hydraulic incipient motion tests of tailings with different reinforcement spacing
(5.0,2.5,1.7,1.3, and 1.0 cm) were carried out at a reinforced tailings hydraulic erosion
facility, specifically developed for this study. It is found that the incipient velocity of
reinforced tailings particles increases with the decrease of reinforcement spacing.
Based on the theory of sediment incipient motion, considering the blocking effect of
reinforcement on particles, the reinforcement coefficient f(d) is introduced, and the
formula of incipient velocity of reinforced tailings particles is established.

There is a nonlinear relationship between the reinforcement coefficient, f(d), and
the reinforcement spacing, d. The reinforcement has little effect on the starting of
the tailings particles movement, and only the particles near the reinforcement are
strengthened by the reinforcement. When the reinforcement spacing, d, is greater
than 5 cm, f(d) tends to 1, which means that the reinforcement has no effect on the
starting of the tailings particles movement.
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