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Dam-breaking accidents in tailings ponds may result in loss of tailings, damage to the
downstream bridges and houses, flooding of farmland and roads, hazards to the local
environment, and even loss of property and lives. Therefore, research on dam breaks in
tailings reservoirs and prediction of subsequent impacts are of great significance. This
paper describes theoretical and numerical analyses of the retrogressive erosion model and
calculations of the sand bed surface profile and sediment transport rate following tailings
dam break events. The calculation results show that the degrading rate of the bed surface
in the reservoir area reaches a maximum when the breach is formed and then rapidly
decreases to a stable value. Farther away from the breach, the peak degrading rate of the
bed surface is lower. The time of the peak tailings outflow rate is related to the formation of
the breach. A larger breach has a shorter formation time and a greater peak flow.
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1 INTRODUCTION

Tailings ponds are used to store tailings or other industrial waste residues produced in metal
or non-metallic mines after ore separation. Such ponds are typically formed by constructing
dams at valley mouths. Tailings ponds are man-made sources of hazard with high
potential energy. The breaks of tailings dams would cause loss of natural resources,
pollution of rivers, land and the surrounding environment, and threat to the lives and
property of local residents.

According to the statistics released by the Internation Commission on Large Dams (ICOLD),
there have been more than 200 accidents related to the failure of tailings ponds in the past century
(Jeyapalan, 1982; Campbell and Fitterman, 2000; Davies andMartin, 2000). In 1985, the failure of the
tailings dam at the Stava fluorite mine in Italy resulted in 268 fatalities and 20 injuries (Luino and
Graff, 2012). In 1995, the accident in Omai, Guyana caused 900 deaths due to the contamination of
drinking water by cyanide (Beebe, 2001). The heavy rain and snowmelt in January 2000 caused the
Baia Mare tailings dam accident in Romania, killing a large number of fish in the Tisza River and
poisoning the drinking water of 2 million people in Hungary (László, 2006). In 2015, following the
collapse of the tailings dam in Mariana, Brazil, the urban area and the residents of Balalonga were
exposed to toxic sludge, creating Brazil’s worst environmental disaster (Vormittag et al., 2021). On
January 25, 2019, the tailings dam of the Corregordo Fejo iron mine (Brumadinho, Minas Gerais,
southern Brazil) ruptured, causing 270 deaths (11 of which are officially missing) and releasing
12,106 m3 of tailings to the environment. The tailings reached the neighboring Para Opeba River,
where they threatened the drinking water security of the densely populated areas (Parente et al.,
2021).
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There have been a relatively small number of studies on the
prediction of tailings dam break. Most existing researches focused
on dam stability analysis, seismic liquefaction and resistance,
environmental pollution control, etc.

In terms of model tests, Souza Jr and Teixeira used a physical
model to study the volume of tailings released by ponds
containing different tailing materials and for various breach
shapes (Souza and Teixeira, 2019). Jing et al. pointed out that
the hydrodynamic characteristics of the debris flow caused by
tailings dam failures were affected by the particle size, bulk
density, geometry of the reservoir, and the surface roughness
(Jing et al., 2019). Based on the principle of similarity, Wu and
Qin built a physical model of the Vadogo tailings pond and
studied the optimization of the tailings dam maintenance and
protection, to reduce the scale of the dam break, the discharged
flow rate and flow velocity, and the downstream inundation area,
thereby mitigating the destructive impact of dam break events
(Wu and Qin, 2018). Jing et al. used physical modeling to study
the dam displacement, saturation line, stresses, and fracture
processes of upstream tailings dams during floods in the past
100 years, thus deepening our understanding of the dam failure
regimes (Jing et al., 2012).

In terms of numerical simulation studies, Rico et al. used
existing data of historic tailings dam failure records to establish
simplified relationships between the geometric parameters of
tailings ponds (such as dam height and tailings volume) and
the hydraulic characteristics of the dam break floods (Rico et al.,
2008). Jiang et al. established a two-dimensional seepage stability
analysis model for tailings dams using the geotechnical analysis
software SEEP/W, and they conducted dynamic simulations of
the dam-breaking process with consideration of the seepage
forces on the earth below the seepage line (Jiang, 2020).
Petkovsek et al. established a tailings dam break model
EMBREA-MUD to calculate the water and tailings outflow
and the growth of the breach through a two-fluid method
(Petkovsek et al., 2021). Hu et al. used FLOW-3D to simulate
and analyze the effects of correlation coefficient on the discharge
velocity following tailings dam breaks (Hu et al., 2021). Based on
the previous experimental and numerical modeling of tailings
dam cutoff models, Wang et al. selected key characteristic
parameters and used the uncertainty measurement theory to
set an assessment standard of the hazard levels for tailings-
dam-break disasters (Wang et al., 2021).

Dam break downstream a tailings pond involves repeat
scouring, destabilization, and a collapse processes. Prediction
of such events involves knowledge of hydraulics, soil
mechanics, sediment kinematics, and other disciplines. The
complex coupling of the relevant physical processes makes
comprehensive research of the problem difficult. Experimental
research on dam breaks is limited by the facility conditions and
budget, especially for those tailings ponds with large dams heights
and storage capacities. Although the limitation of experimental
research leaves considerable possibilities for numerical
simulation, the existing numerical studies are mostly limited to
instantaneous dam break, while most dam failures are caused by
the gradual scouring on the dam body after overtopping and the
associated instability and collapse, which have rarely been

studied. Based on the incremental nature of the tailings dam-
breaking process and its gradual upstream development, this
paper applies the basic theory of retrogressive erosion to the study
of tailings dam breaks in an attempt to determine the evolution
processes of the bed profiles and the sand flow rates at the breach.

2 METHODS

2.1 Fundamentals
Dam-breaking sand flow is a special continuous medium that lies
somewhere between “a fluid” and “being discrete”. The flow
motions follow the Bingham flow model, and so the isotropic
stress state and its corresponding volume deformation are not
considered in our calculations. The flows can be described by the
continuity equation and momentum equation that are similar to
fluid flows.

The overtopping and breaking processes of tailings dams can
be summarized as follows: 1) the upstream inflow raises the water
level in the reservoir and overflows the dam crest, taking away the
loose tailings sand from the downstream dam slope and creating
small erosion gullies; 2) the gullies grow under the continuous
erosion of the overtopping flow, leading to local instabilities and
collapses of the dam slope, the falling material continues to be
carried away by the water flow, and the gullies become deeper and
wider; 3) as the erosion time increases, the gullies continue to
expand and extend to the upstream end of the dam; and 4) as the
elevation of the breach bottom decreases, the elevation of the bed
surface gradually decreases until an equilibrium state is reached.

The characteristics of retrogressive erosion include the
following. Firstly, the base level of erosion decreases with the
sudden drop of the upstream water level. Secondly, erosion
develops from downstream to upstream, and the erosion
intensity decreases with increasing distance. The amount of
sediment scoured is related to the time of scouring, the sand
flow rate, and the drop in water level (Jianyuan, 1999). Therefore,
dam overtopping and breaking are continuously developing
processes from downstream to upstream, constituting a typical
retrogressive scouring process. Tracing the source of the scouring
indicates that the scouring develops upstream in the form of
“local drop” that concentrates the energy dissipation of water flow
and strengthens the sand-carrying capacity (Zhang, 1993).
Therefore, it is appropriate to use the bed load sediment
transport equation and sediment continuity equation to
describe the overtopping and breaking process of tailings dams.

2.2 Mathematical Formulation
2.2.1 Bed Load Transport Equation
For sediment transport driven by water flow, assuming a constant
water flow rate (i.e., q does not change), and ignoring the change
in kinetic energy, the reduction of the water’s potential energy is
used to overcome the flow resistance and transport the sediment
downstream. The energy balance equation can be written as
(Peng and Niu, 1987):

ϕ
(cs − c)

cs
Gdx + cqdz′ � cqdz (1)
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where ϕ is the friction coefficient of the forward movement of the
bed load sediment, q is the upstream specific flow rate (m2/s), and
G � G(x, t) is the unit-width sediment transport rate (N/sm−1). c
and cS are the bulk densities of water and sediment (N/m3). dz
and dz′ are the total head loss and the head loss due to the flow
resistance over the distance dx (m). Equation 1 can be
rewritten as

G � csc

ϕ(cs − c) q(
dz
dx

− dz′
dx

) (2)

or:

G � Aq(i − i0) (3)

where A � csc
ϕ(cs−c), i � dz

ds, i0 � dz′
ds . Both A and i0 can be determined

based on experimental data.

2.2.2 Sediment Continuity Equation
114 The continuity equation of sediment for a bed formation by
water flow is (Peng and Chang, 1981):

c′ zz
zt

− zG
zx

� 0 (4)

where c′ is the dry bulk density of the bed sand (kg/m3), and z is
the elevation of the sand surface. Ignoring the streamwise changes
in the head loss due to flow resistance, and assuming that the
water surface gradient is the same as the river bed gradient, we
have

zG
zx

� Aq
zi
zx

� Aq
z2z
zx2

(5)

Substituting Eq. 5 into Eq. 4 yields the diffusion equation:

zz
zt

− a2
z2z
zx2

� 0 (6)

where a2 � AQ
c′ .

2.2.3 Unit-Width Sand Flow Rate at Thebreach
For ordinary reservoirs, given the relationship between the water
level and time, the flow discharge at the breach can be obtained
from the storage-level relationship curve. The break of tailings
dams is different, as the sand flow process line at the breach cannot
be obtained from the relationship curve between the storage
capacity and tailings elevation. This is because, during tailings
dam break, the sand flow in the reservoir area does not hold the
horizontal consistency, with great unevenness in the changes of bed
elevation at the near and far ends. The tailings elevation in the
upstream area far from the breach changes slower than that closer
to the breach. This results in the characteristic “low front and high
back” appearance of the bed elevation in the reservoir area.

For this reason, we use the method of integration to
approximate the sand transport rate and the sand flow per
unit width. That is, in the short time period tj−1 − tj, the
amount of tailings washed away per unit width is obtained for
the section xk−1 − xk in the reservoir and added to the cumulative
amount of tailings to obtain the total tailings reduction during the
period tj−1 − tj. The unit-width sand transport rate and the unit-

width sand flow can then be determined as functions of time. The
calculation is detailed as follows.

At tj−1 and tj, assume that the bed elevation in the reservoir is
as shown by the curve in Figure 1, where the abscissa is the
distance from the dam and the ordinate is the bed elevation. The
shaded area in the figure is approximately equal to

Sk � 1
2
[z(k, j − 1) − z(k, j) + z(k − 1, j − 1) − z(k − 1, j)]

× (xk − xk−1) (7)

The average unit-width sand flow rate in the period of (tj−1, tj)
can be expressed as

Qs(t) � ∑n
k�1

Sk
tj − tj−1

(8)

2.2.4 Definite Solution Conditions
1) Initial conditions: at t � 0 s, the reservoir bed elevation z(x, 0)

can be of any possible form including a straight line, denoted
as z(x, 0) � z1(x).

2) Downstream boundary condition (at the breach): z(0, t)
changes according to certain control requirements at x � 0,
denoted as z(0, t) � L(t).

3) Upstream boundary condition (or water and sand inflow
conditions from the far end of the reservoir): based on
Eq. 3 for the sediment transport rate:

G(L, t) � Aq(iL − i0) (9)

Thereby,

zz(x, t)
zx

∣∣∣∣∣∣∣x�L � iL(t) � G(L, t)
Aq

+ i0 (10)

That is, the sediment transport rate G(L, t) at the end of the
scouring section is equal to the sediment transport rate entering
the reservoir, and it can take any form of variation with time, such

as zz(x,t)
zx

∣∣∣∣∣∣∣x�L � f (t). The fixed partial differential equation

established above are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

zz(x, t)
zt

− z

zx
[a(t) zz(x, t)

zx
] � 0

z(x, 0) � z1(x)
z(0, t) � L(t)

(zz
zx
)

x�L
� f (t)

(11)

Equations 11 and 8 are the basic equations for the evolution of
bed surface profile and unit-width sand flow rate. Given the initial
and boundary conditions, numerical discrete solutions can be
obtained.

2.3 Calculation Method Verification
Consider an real-case example in which themedian particle size of the
siltation in the reservoir is 0.286mm, the upstream inflow rate is
1.10m3/s, the reservoir sand bed slope is 0.0016, the sand bed slope
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at the upstream end of the erosion section is 0.009, and the
descent at upstream side of the dam is 3.0 m (Peng and Zhang,
1985). The sand bed slope of the reservoir area is the ratio of the
tailings elevation difference between the far-end of the reservoir
and the dam site at the initial moment over the length of the
reservoir, which is used to set the initial conditions for the tailings

elevation based on the measured values. The slope at the
upstream end of the erosion section is the slope of the outer
bed at the initial moment, which equals the slope of the water
surface at a constant flow rate entering the reservoir. It is used to
set the upstream boundary conditions for solving the equation. a2

is the combination coefficient, whose value is related to the
tailings material and friction coefficient. Peng and Zhang
(1985) used the data of real sediment discharge process to
derive a2 through the cumulative sediment discharge Q over
387 min based on the cumulative erosion calculation formula.
This parameter is a cofficient of the basic equation. In practical
applications, the value of a2 for given tailing materials can be
estimated based on model test data. Herein, we set a2 � 2.2 m2/s
following Peng and Zhang (1985). We further take L � 200 m,
and divide it into 1,000 segments. The length step gradient factor
qs is taken to be 1.002 (i.e., ΔLj+1 � 1.002ΔLj), with the
minimum length step being 0.0628 m (i.e., Lmin � L(1−qs)

(1−qns ) �
200×(1−1.002)
(1−1.0021000) � 0.0628) and the maximum length step being
0.4618 m (i.e., Lmax � Lminqn−1s � 0.4618). The scouring time is
500 min, divided into 1,000 segments, and the time step gradient
factor qt is again 1.002 (i.e., Δtj+1 � 1.002Δtj), with the
minimum time step being 9.4127 s (i.e.tmin � t(1−qt)

(1−qnt ) �(500×60)×(1−1.002)
(1−1.0021000) � 9.4127) and the maximum time step being

69.2742 s (i.e.tmax � tminqn−1t � 69.2742). The changes in the
bed surface profile after 5, 50, and 387 min of scouring are
selected for comparison. Figure 2 shows the calculated results
and the measured data.

The comparison shows that the calculated results are overall
consistent with the measured data, thus the proposed method
satisfies the requirement for engineering calculations.

FIGURE 1 | Sketch of calculation of unit-width sand transport rate and
unit-width sand flow rate at the breach.

FIGURE 2 | Calculation method verification results.
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3 CASE STUDY

3.1 Project Overview and Calculation
Domain Conceptualization
We consider a tailings pond located in Fumin County, Yunnan
Province, China (Wang, 2011). The design capacity of the mineral
processing plant is 18,000 tons/day, the tailings production rate is
98.6%, the solid particle density in the tailings is 2.7 t/m3, and the
average dry bulk density is 1.3 t/m3. The annual tailings discharge is
4.5 millionm3. The tailings dam body is composed of an initial dam
and an accumulation dam. The initial dam is a rockfill dam with a
height of 40 m and an effective storage capacity of 2.85 million m3.
The main dam crest is 224 m long and 5 m wide; the accumulation
dam is constructed using the upstream damming method. Starting
from themain dam at the valleymouth; the outer slope of the dam is
1:4, and the total dam height is 130 m. The final effective storage
capacity of the tailings pond is 108.9 millionm3. The tailings pond is
rated as a second-class tailings pond. Downstream of the tailings
reservoir there is a gully about 7.5 km long, followed by a 90° turn
away from the dam site. The bank slopes on the two sides of the
gully are of different angles. According to the field observation data,
the site geometry can be simplified into a 2Dmodel considering the
large width-to-depth ratio of the reservoir area, as shown in
Figure 3. The total length of the reservoir area is 2,250 m
(1,500m + 750m), the height is 150m, the width of the
reservoir area is 1,400m, and the width of the dam site is 260 m.

3.2 Calculation Parameters
According to the hydrological data, the upstream unit-width inflow
rate is 5.0m2/s, the sand bed slope of the reservoir area i1 � 0.006, the

slope at upstream end of the erosion sectiong iL � 0.009, and the total
descent at upstream side of the dam is 150m. According to the
measured data, the dry bulk density of the sand is 1970 kg/m3, the
calculation coefficient A � 1000 kg/m3, yielding a2 � 2.94 m2/s; the
storage length L � 2250 m is divided into 2000 sections, and the
length step gradient factor is taken to be 1.001 (i.e.,Δxj+1 � 1.001Δxj);
thus, the minimum length step is 0.3526m and the maximum length
step is 2.600m. The calculation time is 6,000 s, divided into 2000
segments, and the time step gradient factor is again 1.001
(i.e., Δtj+1 � 1.001Δtj); thus, the minimum time step is 0.94 s and
themaximum time step is 6.93 s. Assuming that the initial shape of the
breach is an isosceles trapezoid, as the rupture duration increases, the
breach continues to be deepened and broadened. To simplify the
calculation, it is assumed that the bottom and the two sloping sides of
the trapezoidal breach develop uniformly to the final shape within the
breach formation time. Figure 4 shows a schematic diagram of the
fracture shapes at different failure stages. When the dam body is fully
broken, the final bottom width and height of the breach are 189.38
and 150m, respectively; the final size of the breach is also shown for
instances of a partially broken dam.

Wang selected three sets of tailings samples, and tested the
specific gravity, density, water content, and other parameters. The
average values of these parameters are presented in Table 1
(Wang and Zhang, 2012).

3.3 Calculation Results and Analysis
3.3.1 Changes of Bed Surface in Reservoir Area
Assuming that the dam body is completely broken within 5min, the
width of the bottom of the breach is 189.3m, the height of the
remaining dam is 0m, and the total area of the breach is 37,788m2.

FIGURE 3 | Conceptualized map of the reservoir area (A) Plan view; (B) longitudinal Cross-sectional side view (unit: m).
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Figure 5 shows the change in bed elevation with time at different
locations. Figure 6 shows the elevation profile shapes of the bed
surface at different times.

In the area close to the breach (i.e., x < 10 m), as shown inFigure 5,
the elevation of tailings bed exhibits a fast decrease at the beginning of
the break. When t > 20 min, the elevation in the reservoir slowly
decreases to the balance state. Figure 6 shows that the dam break only
has a significant impact on a limited area near the breach.

When the dam break lasts for t � 5 min, as shown in Figure 6,
the elevation of tailings bed near the breach (i.e.,x < 100 m)
decreases significantly, while the area beyond 100 m from the
breach is basically not affected. With an increase in the duration
of the dam break, more areas in the reservoir are affected (when
the duration is t � 100 min, the unaffected areas are basically
beyond x > 500 m). The tailings in the reservoir do not flow out
completely with the breaking of the dam. The tailings close to the

FIGURE 4 | Schematic diagram of the final collapse shape at different dam break stages.

TABLE 1 | Physical parameters of tailings.

Bulk density (cs) Density (ρs) Water content W Dry density (ρd)

2.826 1970 14.82 1700
Saturation density (ρs) Saturation Sr(%) Void fraction e Porosity n(%)
2,190 67.8 0.67 40.2

FIGURE 5 | Variation of bed elevation with time at different locations in the reservoir area.
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breach flow out of the breach because of the upstream inflow and
its own gravity.

3.3.2 Change Process of Unit-Width Sand Flow Rate at
the Breach
During different dam breaking stages as shown in Figure 4, the
flow rate at the breach decreases as the area of breach decreases.
The sand flow rate reaches a maximum at a complete dam break,
and then decreases rapidly before gradually reaching a stable
value, as shown in Figure 7.

4 CONCLUSION

Dam break events caused by flood overtopping are commonly
encountered in tailings ponds. Compared to the literature in the

relevant field, this paper has discussed the retrogressive erosion
process in the upstream reservoir area during the tailings dam
breaking for the first time. The basic theory of retrogressive
erosion has been applied to the dam-break calculations of
tailings reservoirs, and the changes in the bed surface profile
shape in the reservoir area have been analyzed. Using a piecewise
integral method, the sand discharge after the dam breaks and
the sand transport rate have both been established as functions
of time and location. The calculation results show that the
degrading rate of the reservoir bed reaches a maximum
when the breach is formed, and then rapidly decreases to a
stable value. Farther away from the breach, the peak degrading
rate of the bed surface is lower. The time of the peak tailings
outflow rate is basically related to the formation of the breach. A
larger breach has a shorter formation time and a greater
peak flow.

FIGURE 6 | Variation of bed elevation along distance from the dam site at different dam break times.

FIGURE 7 | Variation in sand flow rate Qs with time t for different breach areas.
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Compared with articles in this field in international
journals, this article uses the traceability scouring
equation to solve the bed elevation change of the tailings
pond and obtains the sand discharge and the sand
transport rate for the first time, which is innovative and
practical.

The calculation equations have been fully verified in other
fields. Compared with other equations for solving the elevation
change of the bed surface of the dam-breaking tailings
reservoir, this diffusion equation is simple and easy to
solve, with clear physical meaning. The results of this paper
provide a reference for future studies of dam failures in tailings
reservoirs.
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