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Overtopping dam break is a frequent accident in tailings reservoirs. However,
little attention has been paid to the study of overtopping hydraulic erosion
damage characteristics of tailings dam after adding reinforcement. Nowadays,
there were few people have researched the prediction of the overtopping
failure process of the reinforced tailings dam. It is important significance to
establish a prediction model for the overtopping of reinforced tailings dam
which aims at the problem of overtopping erosion of reinforced tailings. For the
anti-erosion and anti-collapse effects of the reinforced tailings dam, a
mathematical model for the development of the overtopping breach of the
reinforced tailings dam is established. The formula of reinforced erosion rate
derived from water flow shear stress theory, simulation of breach erosion
development by time iteration method in the mathematical model.
Secondly, the limit equilibrium method is used to analyze the stability of the
reinforced breach slope. Then, the physical test is used to reproduce the dam
failure process of the tailings dam. In addition, the development process of the
breach and discharge are monitored. Ultimately, the maximum depth and width
of the breach are in brilliant agreement with the calculated values.

KEYWORDS

reinforced tailings dam, overtopping failure, erosion, prediction model, model
experiment

1 Introduction

The failure of the tailings dam poses a threat to the safety of downstream residents and
the natural environment, making it a crucial topic of research for the prevention of
accidents involving tailings dam (Sun et al, 2012; Clarkson et al, 2021). Numerous
variables impact geotechnical properties, resulting in tailings dam failure (Li et al., 2022).
The following failure modes have been identified for tailings dam reservoirs: foundation
destruction (Psarropoulos et al., 2008; Meng et al., 2021), pipe surge (Van Niekerk et al.,
2005), overtopping failure (Zhang et al., 2016), seepage (Mittal, 1976; Lottermoser et al.,
2005), earthquake (Villavicencio et al, 2014; Agurto-Detzel et al,, 2015), and slope
instability (Silva et al., 2008). In 2000, strong rains and snowmelt caused the tailings dam
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at the Baiaborsa gold mine in Romania to burst, discharging
100,000 m” of tailings into Tisa River tributaries, causing aquatic
heavy metal toxicity and broad ecological degradation (Michnea
et al.,, 2001). The Fundo dam failure in Brazil was severe, with
806 buildings in 10 districts of five cities directly affected by
tailings, along with 21.1 km of country roads, 12 bridges, and a
minor hydroelectric facility. The tailings clog the Doce River
downstream, spreading 548 km to the Atlantic Ocean, impacting
forty communities downstream, and denying hundreds of
thousands of people access to clean water (Carmo et al,, 2017).

In the 1960’s, European and American researchers began
studying the overtopping failure prediction model, which was
based on the overtopping failure mechanism and utilized
hydraulics and sediment transport theory. This model was
a rather complex mathematical model for overtopping failure
with (1973)
developed the first mathematical model of homogeneous

speedy computation features. Cristofano
dam overtopping based on sediment erosion in 1965. Later,
researchers presented a set of mathematical models to
simulate dam overtopping. Fread (1981) developed the
NWS BREACH model considering the collapse effect. At
present, this kind of model is also applied in the tailings
reservoir. Wu and Qin (2018) used the proposed river
embankment stability analysis method in the simplified
overtopping failure model. Petkovek et al. (2021) proposed
that tailings slurry exhibits a stratification phenomenon,
whereby the upper layer is the flow, the lower layer is the
tailings bed load, and the erosion of tailings slurry is distinct
from that of clear water. Consequently, this double-layer fluid
erosion model was utilized to incorporate and modify the
DAMBRK (Mohamed et al., 2002) overtopping failure model,
and a new calculation model of tailings overtopping failure
was developed. This model uses different flow calculation
formulas and erosion formulas to simulate the erosion of
dam materials by assuming the shape of the breach, as well
as other simulation methods to analyze the longitudinal
undercutting and lateral expansion of the breach.

The majority of prediction models simulate the overtopping
failure process using the numerical calculation methodology of
time step iteration, which can provide the overtopping failure
parameters for each time step (such as flow rate, size, reservoir
water level, etc.). In recent years, with the improvement of
computer performance and the advancement of sedimentology
and computational fluid dynamics, there have been a number of
exemplary calculation models (Kesserwani et al, 2014;
Abderrezzak et al., 2015; Marsooli et al., 2015; Cantero-
Chinchilla et al,, 2016; Di Cristo et al., 2018), which were
based on the continuous flow equation, momentum equation
and energy equation, coupled with the process of sediment
motion equation. The governing equations were resolved
using finite volume and other numerical simulation
techniques. This model was capable of producing an accurate
simulation of the overtopping failure process. The model
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introduced above has the advantage of quick analysis and
wide applicability.

The selected tailings particles become finer and finer as
mineral processing technology advances, and the secondary
reinforcement belt is widely used in fine-grained tailings as a
reinforcement material. This resulted in an increase in the
storage height of fine-grained tailings dams and a steady rise
in the number of reinforced high-pile fine-grained tailings dams.
However, most overtopping failure prediction models do not
consider the influence of the reinforcement belt, resulting in the
inaccurate prediction of the consequences of the overtopping
failure disaster and unnecessary economic losses (Jing et al.,
2019). Therefore, based on the mechanism of overtopping failure,
the prediction model of overtopping breach development of
reinforced tailings is established, which provides particular
guiding significance for the risk prediction of overtopping
failure of reinforced tailings.

2 Prediction model of overtopping
burst development of reinforced
tailings dam

It was found in the overtopping dam failure test of reinforced
fine-grained tailings that the reinforcement belt has a significant
positive effect on the collapse constraints on both sides, a
and the
reinforcement can improve the anti-erosion effect of tailings.

contributor to a smaller degree of collapse,
Therefore, with reference to the improved water flow model of
Chen et al. (2015, 2019), the reinforced erosion rate, start-up
conditions, and reinforced slope stability calculation are
introduced to establish the reinforced fine-grained tailings
dam burst development prediction model.

2.1 Water flow model

The hydraulic characteristics of the dam crest cross-section
of the gully are similar to the broad crest weir flow after the flow
overtopping. Therefore, the burst of the cross-section of the dam
crest can be regarded as the broad-crested weir section, and the
overflow flow from the dam crest can be calculated by the broad-
crested weir formula (Chen et al, 2019). The formula is as
follows:

Qout = CB(zy - 2)** = C1Cy\2gB (20 - 2)* (1)

Qout is the burst flow; Cis the comprehensive flow coefficient,
and the general value is 1.7; C; is the discharge coefficient; C; is
the contraction coefficient; B is the burst width; z,, is the dam
water level elevation; z; is burst bottom elevation.

Fread et al. (1981) considered the flow at the burst to be
uniform and constant, with a water depth of h after the flow
passes through the dam crest burst; Chen et al. (2015) adopted
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Schematic diagram of reinforcement not yet eroded.
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FIGURE 2
Schematic diagram of erosion to reinforcement.

a simplified treatment scheme, assuming a drop coefficient m
to calculate the water depth of the burst, the m is 0.6-0.8, as
follows:

h=m(zy - 2zp) (2)

The instantaneous flow velocity V of the burst section can be
determined by:
Qout
V= ,
Bh
(2w —2)" (3

SO

= Cm_l (Zw - Zb)

Among them, through parameter sensitivity analysis, the m
impact on the peak flow rate is small, and the assumed drop
coefficient of 0.8-0.6 empirical value can be used to simplify the
model calculation.
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FIGURE 3
Calculation flow chart.

dz,

s? = Qin — Qout (4)

Qout is the outflow, Q;, is the inflow, and A; is water surface
area in the reservoir.

2.2 Reinforced erosion models

The incorporation of reinforcement can effectively enhance
the mechanical occlusion between the tailings particles, thereby
enhancing the anti-erosion performance of tailings and
increasing their water shear strength. Chen et al. (2021)
carried out the erosion test of reinforced tailings. The test
results show that the addition of reinforcement can enhance
the erosion resistance of particles, but with the increase of the
spacing of reinforcement, the critical velocity of tailings erosion
decreases, and the erosion rate will gradually increase. Since the
conventional non-reinforced erosion equation can no longer
reasonably show the erosion results. Referring to other
overtopping dam burst development prediction models,
assuming that the overall erosion resistance of the burst at the
top of the tailings dam is the same, the erosion equation
summarized by the tailings erosion test with different
reinforcement spacing is adopted. The equation is as follows:

The resulting critical start rate V., such as Eq. 5.

V' =(1+e(407)) v, ©)
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FIGURE 4
The particle size distribution of fine-grained tailings.

V. is the starting flow rate. Where d is the reinforcement
spacing, as shown in V. Eq. 6, as follows:

V., NRE )
e -0.0035 ——— ) +15 (6)
(y-y)gD ( R) L Vg nRey

y D

Among them, n the Manning coefficient is the Reynolds
number Re,q, N is the number of reinforcement layers, and R is
the hydraulic radius.

When the water flow velocity is greater V', the particles
begin to erode, and the erosion rate E is:

U2 0.503
E= 0.056<W - 1) (7)

c

U is the flow velocity.

In the stop condition of dam burst erosion, one part adopts a
time setting to calculate the rock stratum at the bottom of the
dam, and the other part adopts a particle starting condition.
When the water flow shear force is less than the particle starting
shear force, the erosion stops. Due to the large capacity of the
dam, the dam body is easy to erode the rock layer at the bottom of
the dam, which can be calculated by setting time. However, for
the small capacity of the dam, it is easy to produce incomplete
dam break and not easy to erode to the bottom of the dam. The
preset fixed time is not practical, so the shear force starting
method is more suitable. When the water flow rate is less than
V./, stop erosion.

2.3 Reinforced fender lateral extension
model

With the continuous scour of the water flow, high-risk
slopes are formed on both sides of the burst, and it is known
from the test that the lateral expansion of the burst is largely
from the burst collapse. The behavior of burst collapse has
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FIGURE 5

Tailing dam overtopping failure test system (TDOFTS).

certain randomness, and it is difficult to express the collapse
behavior through pure empirical formula. Zhong et al. (2016)
and Singh et al. (1988) used the wedge analysis method to
simulate the lateral expansion of the burst caused by the
sudden collapse of the bank slope. However, it is found
through experiments that the reinforcement belt can curb
the collapse of the bank slopes on both sides of the burst.
Therefore, in order to describe the lateral expansion of the
burst of the reinforced tailings overtopping dam, based on the
limit equilibrium method, the lateral expansion model of the
reinforced burst is established as shown in Figures 1, 2. When
the erosion of the burst does not develop to the reinforcement
belt, the limit equilibrium calculation is adopted, and the
tension of the reinforcement belt is added on this basis.
The pressure on the reinforced overtopping slope is analyzed
and deformed by limit balance, and the safety factor obtained is:

_ W tang+cl/cosa+ NT;

F;
W tana

®)

W-gravity, c-cohesion, ¢-internal friction angle, and
a-sliding surface angle. The distribution of the rib tension T;
is more complicated, in order to simplify the calculation, at
present, when domestic and foreign scholars calculate the
stability of the reinforced slope, the reinforcement tension is
regarded as a uniform distribution, and the reinforcement
tension in the extreme equilibrium state is regarded as the
limit pull of the reinforcement. N is the number of
reinforcement layers.

The distance of the dam is x, if it has not eroded into the
reinforcement:

Zo—2p<x, N=0 )
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FIGURE 6
The schematic diagram of the geogrid.

Erosion to a layer of reinforcement:

x<zZg—zp<x+a N=1 (10)
Further erosion, then:
Z0—2p— X
zo—zh>x+d,N=% (11)

N takes the integer.

2.4 Calculation process

Step 1: the first step is to set the initial parameters: the initial
breach depth and width, dam height, inner slope ratio, etc., and
the passage Eqs 1, 2, the parameters such as instantaneous
discharge and water depth of the initial breach section are
calculated.

Step 2: the flow velocity and the change of water level in the
reservoir are calculated by the instantaneous flow rate of the
breach outflow calculated in the previous step Az,, and the
erosion rate is calculated by the reinforced erosion model, and the
erosion depth of the next unit time is calculated according to the
unit time Azy.

Az, = EAt (12)

Depending on the erosion depth, the lateral erosion width
can be calculated AB.

AB = kAz, (13)

k is the empirical coefficient, generally 0.5-3.0 (Singh et al,,
1988).

Step 3: through the calculation value of the second step, the new
water level elevation and dam bottom elevation of the next time
unit are obtained.

Zw = Zy — Az,

Zy = Zp — AZ;, (14)
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Step 4: Calculate the new breach depth H: based on the new
water level elevation z,, and the dam bottom elevation zp.

H=z,-2z (15)

Stability tests are performed according to H, if the safety
factor F; is greater than or equal to 1, AB; = 0.
Output collapse width:

B=B+AB (16)

If F; it is greater than 1.0, it is calculated ABy, that is, the
distance between the sliding surface and the breach.

B=B+AB+AB; 17)

Finally, the first step is repeated, and the calculation is
repeated until the erosion damage stops, the flow velocity is
less than the reinforced start-up velocity. The above calculation
process is shown in Figure 3.

3 Model validation

Due to further verify the reliability of the model, the above
theory is verified by physical experiments (Coleman et al., 2002;
Hanson et al., 2013). Cause the overtopping accident of tailings
dam has certain suddenness and high risk, there are few field
observation data, and reinforced overtopping cases are scarce. As
a result that the overtopping test of the reinforced tailings dam is
carried out to obtain the depth, width, and discharge flow of the
breach, which is compared with the model calculation results.

3.1 Physical model experiment

3.1.1 Test scheme

The test material is red mud, taken from a red mud tailings
dam in Chongqing, which is a fine-grained tailing. The
fundamental properties of fine-grained tailings were examined
independently by following the “Geotechnical Test Method
Standard” (GB/T50123-2019, the Natural Standard of China).
The physical properties of the tailings material were measured as
follows: in-situ moisture content at 23% and dry density at 1.61 g/
cm’. The particle size distribution of fine-grained tailings is
shown in Figure 4. The test water supply is tap water for
Chonggqing city, China.

The the
overtopping dam break system of the tailings dam, which is

experimental equipment adopts self-made
composed of a test tank, water supply system, and monitoring
system. The test tank is used to store the tailings dam model and
is the test site for physical model stacking and molding. The
second water injection system is mainly composed of a water
storage system, water pump, frequency converter, and water

supply pipeline, which is used to simulate the upstream
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A Overflow of B Formation of C Formation of gullies D Development of  E Stabilization of
water breaches gullies dam bodies

FIGURE 7
The overtopping process of reinforced tailings. (A) Overflow of water; (B) Formation of breaches; (C) Formation of gullies; (D) Development of
gullies; (E) Stabilization of dam bodies.

TABLE 1 Tailings reservoir characteristic parameter setting table.

Tailings reservoir Back slope Water level Initial collapse bottom Initial ulcer Ribbing
characteristics ratio/A elevation/z,, elevation/z, width/B resistance/F;

Enter a value 1:5 130 cm 2 cm 2cm 1.5 kKN/m

TABLE 2 Hydraulic parameter setting table.

Hydraulic parameters Inbound traffic/Q;, Water flow density/p Drop factor/m

Enter a value 0.5 L/s 1,000 kg/m’ 0.6

TABLE 3 Tailings parameter setting table.

Tailings parameters Cohesion/  Reinforcement Internal friction Average particle Soil
C spacing/d angle/¢ size/D density/ps
Enter a value 11 kPa 30 cm 17 0.005 mm 1800 kg/m®
confluence flow of the tailings dam. The water storage system is water supply pool from affecting the pump. The recording
composed of a glass transparent water tank as the water supply camera (provided by SONY in settings of the resolution of
tank. The water pump is connected to the frequency converter, 1,920 x 1,080 and 50 frames per second, Beijing city, the
and the speed of the water pump is controlled by adjusting the People’s Republic of China) was selected as the visual
frequency of the frequency converter to achieve the purpose of recording equipment for this dam damage monitoring system
controlling the flow rate. Finally, the water supply pipeline is (DDMS). The vertical and horizontal dimensions of the modeled
connected to the dam of the pump and the tailings dam model, tailing dam with specific locations of pre-embedded
and the confluence in the dam is simulated by the pipeline reinforcements in geogrid are schematically depicted in Figure 5.
injection flow. During this process, the water supply pool The slope monitoring of the tailings dam is used to
remains filled to prevent the water pressure change of the monitor the change of gully caused by overtopping
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overflow and record the whole process of overtopping dam
break. The breach change monitoring is to measure the
breach change of the dam section, which is measured by
inserting the vertical steel wire into the gully surface, and the
length of the measured steel wire is the gully depth. The size
of the test model is length x width x height (260 cm x 60 cm x
140 cm), and reinforcement spacing is 30 cm, as shown in
Figure 6.

3.1.2 Procedure of test

1. The original tailings are crushed into powder by a crusher, and
the water content is 20% according to the “Geotechnical Test
Method Standard” (GB/T50123-2019, the Natural Standard of
China), and the polyethylene film is sealed and treated for 24 h
leading to the water content of the material is evenly
distributed.

2. Tailings dam model length x width x height: 260 cm x
60 cm X 140 cm, in the stacking model using the layered
compaction method, the use of compaction hammer layered
compaction, in order to ensure that the degree of compaction
is more uniform, in the soil above the board to make the
compaction force uniform. After each layer of compaction is
completed should also be for the surface of the roughening, to
prevent the model stratification.

3. In the process of piling up, according to the designed test
scheme, the reinforcement belt is laid horizontally inside the
tailings dam. The method of laying the reinforcement belt is as

TABLE 4 Comparison of calculated values.

Name of parameter

The model calculates the value

10.3389/feart.2022.1075588

follows: First, the compacted soil is cut in with a ring knife,
and the mass of the ring knife is weighed after it is taken out. If
the mass is close, it is subjected to roughening treatment, and
then the reinforcement belt is placed horizontally. After the
reinforcement belt is laid, a thin layer of soil is added to the
upper layer of the reinforcement belt, and then compaction
and roughening are performed to prevent the influence of
stratification.

4. After the completion of the heap, set the water level mark in
the reservoir, and install the high-resolution camera,
respectively, to monitor and record the water level changes
and the erosion process of the tailings dam surface.

5. After the installation and commissioning of the monitoring
equipment are completed, it is assumed that the drainage
system in the reservoir fails, and the water injection system is
opened to inject water into the reservoir.

6. After the end of the test, repeat the above operation for the
next set of tests.

As shown in Figure 7, after the water flow overflows the dam
crest, a rectangular-like erosion surface is formed on the slope,
and then a breach is formed, and the downstream erosion surface
gradually increases in a fan shape. As the water flow continues to
scour, the breach gradually develops, forming gullies in the upper
and lower reaches until the water flow no longer erodes and the
breach no longer develops, it is considered that the overtopping
failure is over.

According to the results of the overtopping test of reinforced
tailings in each group, the test results did not cause erosion to the
dam foundation, which was an incomplete dam break. This was
because the water capacity in the tailings dam was small, and no
erosion occurred after scouring to a certain position, that is, the
overtopping stopped. According to the test phenomenon, the
overtopping dam-break process of tailings under the condition of
reinforcement-soil-water coupling is divided into five stages:
water overflow stage, breach formation stage, gully formation
stage, breach development stage, and dam stability stage. In the
water overflow stage, the water injection system continues to
inject water into the reservoir, resulting in a continuous rise in
the water level. When the water level in the reservoir is higher
than the dam crest, the water flow will begin to overflow from the
dam crest. The water flow scours downstream along the dam’s
surface. At this stage, the scour surface of each group of tests is
basically close to a long strip, and no strong erosion damage is
carried out.

Final breach depth/cm 38
Final breach width/cm 20.35
Discharge flow m¥s 0.00078

Frontiers in Earth Science

Test values

36 5.5%
‘ 20 ‘ 1.75%
‘ 0.00066 ‘ 18%
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3.2 Model validation

The input test parameters are shown below in Tables 1, 2, 3.
Using Python scientific calculation, through time iteration
calculation, the flow calculation is shown in Figure 8. The curve
first indicates a rapid increase trend and then slowly decreases.
When the the
instantaneously and then decreases rapidly, and finally tends

analysis  collapses, flow rate increases
to be flat and close to the inflow flow. The overall trend is similar
to the test flow trend.

Calculated the final width of the diffuse roof breach dam is
20.52 cm, the last breach depth is 38 cm, and the maximum
peak flow rate is 0.00078 m*/s. As shown in Table 4, the
maximum breach depth and width calculation are more
consistent, and the error is 5.5% and 1.75%, respectively,
and the calculated peak discharge flow rate and the test
value error are 18%.

The computational model fits well with the experimental
values, but the discharge flow error is significant. The model
assumption regards the reinforced tailings dam as a uniform
whole, ignoring the blocking movement of the reinforcement belt

and the water flow, which needs further improvement.

4 Conclusion

The findings of this paper provided insights for the
overtopping erosion of the reinforced fine-grained tailings
dam overtopping failure. A prediction model for reinforced
tailings breach development was established by inserting the
erosion model derived from the reinforced tailings erosion test
and the reinforced slope stability analysis. The erosion rate,
breach depth, and width could all be predicted using the
created formulas. The research presented in this paper
resulted in the following findings:

1. The mathematical model of the breach development
predicting of the reinforced fine-grained tailings dam
overtopping is established. In the model, the formula of
supported erosion rate is obtained by using the principle of
water flow shear stress, the development of breach erosion is
simulated by the time iterative calculation method, and the
stability of reinforced breach slope is analyzed by the limit
equilibrium method.

2. A physical model is established to simulate the breach
development process of the reinforced tailings dam, and
the final breach depth, width, and discharge flow are
obtained. Comparing the data measured by the reinforced
tailings physical model test with the calculated values by the
mathematical model, the depth and width errors are 5.5% and
1.75% respectively, and the calculated peak discharge flow rate
and the test value error are 18%. The mathematical model had
a good prediction effect on the evolution of the breach.
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3. The model still has significant uncertainty, and it is essential to
consider the heterogeneity of dam materials. There is an
urgent need for field cases to verify the existing models
further.
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