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Abstract: The analysis of overtopping dam break caused by extreme rainstorms and other special
circumstances is very important in the feasibility analysis of new construction or expansion projects
of tailings reservoirs. Reduced-scale physical model tests can directly reflect the topography and
dam-break influence range, but the reasonable selection of model dam material is the key to ensure
the model’s similarity. Based on the similarity optimization of the limit state of scour inception of
sediment particles, a new method for the model material of tailings dams can be proposed, but it
needs to be verified by a similar overtopping model test. In this paper, the modeling and numerical
calculation analysis of a prototype tailings dam and a similar reduced-scale model are carried out
by using FLOW-3D v11.2 numerical software. The calculation results show that the model test
scheme optimized by inception similarity can well reproduce the overtopping failure process of the
prototype dam.

Keywords: tailings dam; overtopping failure; inception similarity; numerical analysis

1. Introduction

The high-energy debris flow generated after tailings dam failure poses a major safety
threat to downstream residents and facilities, and tailings dam failure will cause serious
environmental pollution [1–5]. Among the main causes of tailings dam failure, overtopping
dam break is difficult to prevent [6]. Extreme climate combined with the failure of spill-
way and other drainage facilities will lead to the rapid rise of reservoir water levels and
overtopping, and the corresponding risk assessment and emergency operation response
are important links in the feasibility analysis of related projects [7,8]. Under the action
of overtopping flow, the tailings dam will be eroded and gradually develop into dam
failure [9–11]. Due to the unpredictability of extreme climate and other influencing factors,
it is necessary to analyze the impact of overtopping failure on newly built or expanded
tailings reservoirs [12].

In engineering practice, two main methods are usually used to analyze the influence of
overtopping dam break on the downstream, which are physical model tests and numerical
modeling calculation. The reduced-scale physical model test method is intuitive and can
consider the complex spatial characteristics of the site, which has certain advantages in
the project decision analysis. Good similarity between overtopping dam-break model and
prototype is the premise of the physical model test, and reasonable selection of tailings dam
model material is the key to ensure the similarity of the tailings dam-break process [13].
In practice, the dam overtopping model test often uses the same soil or even the same
compaction state as the prototype. The previous studies of the cohesion of sediment
particles shows that the selection of the model scale of overtopping dam failure may affect
or change the movement form of sediment in the process of breaking, so it is recommended
to use a large-scale ratio as far as possible to design the model [14–16]. In the normal
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gravity physical model test of cohesionless soil, the use of model sand with small internal
friction angle can improve the similarity between the mechanical properties of the material
and the prototype, but it is very difficult to achieve complete similarity [17].

In the overtopping model test, the scouring process of the reduced-scale model must be
similar to that of the prototype, so the similarity of the model sand is an important criterion
for the model design [18]. The similarity of sediment incipient motion under the action of
gravity flow is an important condition for determining the simulated sand, so the analysis
of sediment incipient motion state is the key to the similarity analysis of the overtopping
dam-break model. However, due to the complexity of the real environment of the riverbed,
the stress of different tailings particles may be different because of the geometric shape,
size, volume, weight and other factors. It is quite challenging to simulate the incipient
state under the action of similar water flows in model tests. In the study by Lin [18],
recommendations were given for the selection of tailings dam materials in model tests
based on the similarity analysis of the critical incipient state of the material. Furthermore,
the optimization of the inception similarity was validated through chute inception tests. In
order to better explore the model test technology of tailings dam break due to overtopping
flow, this paper designs and carries out the numerical test of a prototype and model based
on the principle of inception similarity optimization, and the results further show that
inception similarity optimization can make the test technology of tailings dam break closer
to prototype reality.

2. Inception Similarity Optimization Analysis

The movement modes of sediment under the action of shear flow are divided into three
types: suspension, jumping and transport [19,20]. The transport of sediment refers to the
sliding and rolling of sediment particles along the bottom of the riverbed. The phenomenon
of sediment transport has little to do with the type of flow. The formation of the sediment
transport phenomenon is due to the coaction of the drag force generated by the shear flow
and the internal frictional resistance of sediment. At the same time, the uplift force of the
shear flow is not enough to make the sediment suspend. The transport motion of sediment
is the most common movement mode besides suspension. Taking the critical incipient state
of the tailings on the dam surface as the research object, similarity analysis was conducted
for the overtopping dam in transport mode. Based on the inception similarity analysis in
Lin et al. [18], tailings particles can achieve force equilibrium in both the horizontal and
vertical directions at the critical condition of inception (Figure 1), assuming that tailings
particles are spherical in shape. The drag force due to the waterflow FD, resistance Ff, uplift
force FL and underwater gravity W can be represented as follows:

FD = CD
πd2

4
ρu2

b
2

(1)

Ff = τf A f = τf
πd2

4
(2)

W =
π

6
(γs − γ)d3 (3)

FL = CL
πd2

4
ρu2

b
2

(4)

where CD is the drag coefficient of waterflow; CL is the uplift coefficient; d is the diameter
of sediment particles (m); ρ is the density of waterflow (kg/m3); ub is the instantaneous
velocity of waterflow acting on the surface of bedload particles (m/s); τf is the shear
strength of mud bed (Pa); Af is the area of particles (m2); γs is the bulk density of sediment
(kg/m3); γ is the bulk density of waterflow (N/m3).
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Figure 1. Schematic diagram depicting the force analysis for initiating sediment particle movement. 
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It can be seen from the sediment movement mechanics and the turbulent inception
test that the shear stress of the flow on the riverbed sediment is related to the Reynolds
number [21]. The actual flow in the process of overtopping dam break of the tailings pond
is mainly turbulent flow; that is, the Reynolds number is very large. The surface flow
velocity of sediment particles reaching mechanical equilibrium and just initiating motion
under turbulent flow conditions (also known as the critical shear velocity) can reflect the
magnitude of bed shear stress in open channel flow. The horizontal drag force exerted on
sediment particles by water flow can be expressed as:

τcr = ρu2
b (5)

where τcr is the critical inception shear resistance.
In the horizontal force direction of sediment particles, the equilibrium equation is

established:
FD = Ff (6)

The relationship between critical shear stress and sediment surface velocity can be
derived from Equations (1), (3) and (6):

u2
b =

2τcr

CDρ
(7)

An equilibrium equation is established in the vertical stress direction of the sediment
particles:

Fn = W − FL (8)

According to the soil mechanics mentioned, considering the non-viscosity between
the particles, the expression of shear strength can be obtained:

τf = σn·tanϕ (9)

where τf is the shear strength (Pa); σn is the stress acting on sediment particles (Pa); ϕ is the
Internal friction angle of sediment (rad/◦).

The normal stress of tailings particles acting on the subsoil can be expressed by the
supporting force:

σn =
Fn

A
=

W − FL
πd2

4

(10)
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Substituting Equations (8) and (10) into Formula (9), it can be seen that the initial
shear stress of tailings particles can be related to the gravity, drag force and shear strength
of tailings:

τf =
W − FL

πd2

4

tan ϕ (11)

Substituting Formulas (5) and (7) into (11) for conversion, the following relationship
can be obtained among the internal friction angle, particle size and incipient shear stress
of sediment:

tan ϕ =
τcr

2
3 (γs − γ)d − CL

τcr
CD

(12)

Equation (12) can be transformed to obtain the relationship between the incipient
shear stress of sediment particles and the mechanical parameters of rock and soil materials:

τ =
2
3 (γs − γw)d50tanφ

1 + αtanφ
(13)

The incipient shear stress can be obtained from the hydraulic parameters at the incipi-
ent moment [22]:

τ =
γ

g
u2

* =
γ

g

(
uL

A + 5.75log L
d

)
(14)

In the formula, the recommended value of the coefficient A is 8.48 [22]; L is the water
depth (m); u* is the friction velocity (m/s); d is the particle size of sediment particles (m);
and uL is the flow velocity corresponding to the water depth of sediment particles at the
bed surface (m/s). The classical Formula (14) is simple and practical. Although it has
some shortcomings in dimensional analysis, it is an empirical formula verified by a large
number of tests. According to the similarity of sediment incipient shear stress, the selection
or adjustment method of model sand can be found, which makes the relevant preparatory
tests more targeted.

3. Numerical Test Method and Scheme Design
Numerical Calculation Method

In order to verify the similarity of the model overtopping process by selecting the
model tailings dam material with optimized incipient velocity, numerical tests were carried
out taking a tailings dam in southern China as prototype. The FLOW-3D software is used
for modeling and analysis of the numerical experiment. According to the design scheme of
the prototype tailings dam, the prototype tailings dam is 26 m high and 770 m long. The
downstream slope ratio of the dam is about 1:5, and the slope ratio inside the tailings pond
is about 1:100 (Figure 2). A small opening is made at the top of the dam to predetermine
the point of overtopping. When overtopping occurs, the overtopping water flow scours the
tailings dam continuously under the action of gravity, and the tailings on the dam body
begins to start and move together with the waterflow when the overtopping flow reaches a
certain velocity. To better observe the dam-break process and better judge the discharge of
tailings as well as the change of upstream water level, the upstream and downstream areas
of the dam should be included in the establishment of the numerical model.



Appl. Sci. 2024, 14, 990 5 of 23
Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 23 
 

 
Figure 2. Schematic diagram of the prototype tailings dam. 

According to the actual size of the prototype tailings dam and in combination with 
the scale of the indoor model test, the width of 40 m of the prototype tailings dam is inter-
cepted for numerical testing to observe the dam-break characteristics of the prototype tail-
ings pond. Therefore, a prototype analysis area with a value range of 260 m × 40 m × 26 m 
is established (Figure 3). When considering the overtopping, the water head height in the 
reservoir should be greater than the elevation of the dam crest, and the inflow can be 
added to the calculation area by setting the pressure boundary. However, considering the 
pressure boundary condition, the inflow water has a certain initial water pressure, which 
will produce a certain initial pressure on the reservoir water, resulting in too fast fluid 
velocity when the dam fails, and the dam scour is quite different from the actual situation. 
In order to solve the influence of the initial pressure caused by the pressure boundary on 
the experimental results, a baffle is set behind the water area in the reservoir to block the 
pressurized water. After the water overflows the baffle, it flows into the water area in the 
reservoir. At this time, the initial pressure caused by the pressure boundary is effectively 
buffered. Therefore, it can well simulate the water level rise in the reservoir caused by 
precipitation and mountain torrents, and the overtopping dam break due to the water 
body under the action of gravity. 

 
Figure 3. Dam-break calculation model and mesh division. 

To achieve better calculation convergence, the grid of this model is selected to be 
equal in length, width and height; that is, the calculation element is set as a cube element. 
FAVOR is a method that incorporates geometric effects into the governing equations [23]. 
The FAVOR technique uses the solid volume fraction in each grid to determine the surface 
of the solid, establish the control fluid and make the grid geometry completely independ-
ent (Figure 4). Using FAVOR technology in dam-break simulation, the sediment volume 
fraction parameters in the grid can be calculated accurately, so that the form and state of 
dam failure can be described accurately. In the numerical simulation, the sediment is con-
trolled by the equation of motion. The purpose of dividing the grid is to discretize the 
relevant area of tailings dam break, so that the motion equation can be calculated and 
solved on the discretized grid. Compared with the traditional mesh processing technol-
ogy, FAVOR shows higher efficiency of the operation. The mesh processed by the FAVOR 

Figure 2. Schematic diagram of the prototype tailings dam.

According to the actual size of the prototype tailings dam and in combination with the
scale of the indoor model test, the width of 40 m of the prototype tailings dam is intercepted
for numerical testing to observe the dam-break characteristics of the prototype tailings
pond. Therefore, a prototype analysis area with a value range of 260 m × 40 m × 26 m
is established (Figure 3). When considering the overtopping, the water head height in
the reservoir should be greater than the elevation of the dam crest, and the inflow can be
added to the calculation area by setting the pressure boundary. However, considering the
pressure boundary condition, the inflow water has a certain initial water pressure, which
will produce a certain initial pressure on the reservoir water, resulting in too fast fluid
velocity when the dam fails, and the dam scour is quite different from the actual situation.
In order to solve the influence of the initial pressure caused by the pressure boundary on
the experimental results, a baffle is set behind the water area in the reservoir to block the
pressurized water. After the water overflows the baffle, it flows into the water area in the
reservoir. At this time, the initial pressure caused by the pressure boundary is effectively
buffered. Therefore, it can well simulate the water level rise in the reservoir caused by
precipitation and mountain torrents, and the overtopping dam break due to the water body
under the action of gravity.
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Figure 3. Dam-break calculation model and mesh division.

To achieve better calculation convergence, the grid of this model is selected to be equal
in length, width and height; that is, the calculation element is set as a cube element. FAVOR
is a method that incorporates geometric effects into the governing equations [23]. The
FAVOR technique uses the solid volume fraction in each grid to determine the surface of
the solid, establish the control fluid and make the grid geometry completely independent
(Figure 4). Using FAVOR technology in dam-break simulation, the sediment volume
fraction parameters in the grid can be calculated accurately, so that the form and state
of dam failure can be described accurately. In the numerical simulation, the sediment is
controlled by the equation of motion. The purpose of dividing the grid is to discretize
the relevant area of tailings dam break, so that the motion equation can be calculated and
solved on the discretized grid. Compared with the traditional mesh processing technology,
FAVOR shows higher efficiency of the operation. The mesh processed by the FAVOR
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method not only simulates the solid boundary well but also uses fewer meshes, which
would greatly improve the efficiency of the operation. After several times of calculation
trials and comparison of the influence of the number of grids on the calculation results, it
is finally determined that the formal analysis is conducted while the number of grids lies
between 300,000 and 500,000 (Figure 3).
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A numerical calculation model of the indoor launder overflow dam failure test was
established with a similar scale of 1:100 between the prototype of the planned tailings dam
and the proposed reduced-scale model. Referring to the model tailings selection method
recommended by Lin et al. (2023) [18], the dam failure analysis of the reduced-scale model
test was analyzed under three schemes: fly ash mixed with bentonite (4:1), fine-grained
tailings and prototype tailings, respectively, and the similarity between the model and the
prototype and the rationality of the sand selection scheme were verified by combining the
characteristics of the dam failure, such as the change of the breach and the time of the dam
failure. According to the gravity similarity law, the geometric parameters of the numerical
test are designed as shown in Table 1.

Table 1. Design of numerical test parameters.

Program Height and Width of Dam Body
H × W (m) Slope Ratio Computational Domain

L × W × D (m) Flow Head (m)

Tailings dam prototype 40 × 26 1:5 260 × 40 × 26 0.5

Fly ash mixed with
bentonite (4:1) 0.4 × 0.26 1:5 2.6 × 0.4 × 0.26 0.005

Fine tailings 0.4 × 0.26 1:5 2.6 × 0.4 × 0.26 0.005

Prototype tailings 0.4 × 0.26 1:5 2.6 × 0.4 × 0.26 0.005

Gravity model, sediment scouring model and RNG turbulence model are selected
in the numerical simulation, and the physical and mechanical properties of the model
packed sand are defined by the tailings particle size, density, critical shields parameter,
entrainment coefficient, bed load transport rate coefficient and angle of repose underwater,
respectively. The particle size distribution and density of tailings sand can be determined
by standard tests (according to ASTM D6913M-17 and ASTM D854-23 [24,25]). In order
to achieve a more ideal calculation result, considering the large span of the particle size
of the tailings, the average particle size of each particle size range is taken according
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to the grading curve of the tailings. The critical shields parameter is obtained from the
Soulsby & Whitehouse equation. The angle of repose under water is approximated to that
of the internal friction angle of tailings. Considering the difference of copper tailings and
ordinary sediment properties, the entrainment coefficient is 0.003, which can achieve good
test results. According to the physical and mechanical test of rock and soil and the grain
grading curve, the sand content of each grain size in the tailings can be obtained, and the
purpose of adjusting the reasonable grain grading of the sand can be achieved by setting
the percentage content in the model setting. According to the principle of similarity, the
physical and mechanical properties of the prototype tailings and the tailings used in the
model are listed in Tables 2–4.

Table 2. Properties of prototype tailings.

Name
Average

Particle Size
(mm)

Density
(kg/m3)

Critical Shields
Parameter

Entrainment
Coefficient

Bed Load
Transport Rate

Coefficient

Angle of
Repose

Underwater

<0.01 mm 0.005 2970 0.3 0.003 8 28.7◦

0.01–0.074 mm 0.04 2970 0.29 0.003 8 34.7◦

0.074–0.25 mm 0.12 2970 0.28 0.003 8 34.7◦

0.25–0.5 mm 0.37 2970 0.26 0.003 8 34.7◦

Table 3. Properties of fly ash mixed with bentonite (4:1).

Name
Average

Particle Size
(mm)

Density
(kg/m3)

Critical Shields
Parameter

Entrainment
Coefficient

Bed Load
Transport Rate

Coefficient

Angle of
Repose

Underwater

<0.005 mm 0.003 2170 0.3 0.003 8 24.3◦

0.005–0.01 mm 0.008 2170 0.3 0.003 8 24.3◦

0.01–0.05 mm 0.03 2170 0.3 0.003 8 24.3◦

0.05–0.1 mm 0.07 2170 0.3 0.003 8 24.3◦

0.1–0.5 mm 0.3 2170 0.3 0.003 8 24.3◦

Table 4. Properties of fine tailings mixed with 5% fly ash.

Name
Average

Particle Size
(mm)

Density
(kg/m3)

Critical Shields
Parameter

Entrainment
Coefficient

Bed Load
Transport Rate

Coefficient

Angle of
Repose

Underwater

<0.005 mm 0.003 2970 0.3 0.003 8 28.7◦

0.005–0.01 mm 0.007 2970 0.3 0.003 8 28.7◦

0.01–0.03 mm 0.02 2970 0.3 0.003 8 34.7◦

0.03–0.05 mm 0.04 2970 0.29 0.003 8 34.7◦

Based on the relevant engineering data of the tailings pond, the initial condition
settings primarily include the global pressure, water pressure calculation method, and the
setting of upstream and downstream water levels. The water level in the tailings pond is
set at the same elevation as the dam height, which is 26 m. In the model, the bottom is set
as a rigid body wall boundary, while the sides are set as symmetric boundaries. The inflow
edge and the upper surface are set as pressure boundaries, allowing for either a fixed or
time-dependent water head. The rear boundary of the model is a liquid water head outflow
boundary, which means that fluid can flow out from and back into this boundary.
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4. Test Results
4.1. Prototype Breach Development Process

In the numerical simulation of the prototype tailings dam, the shape deformation of
the dam crest section at the beginning of overtopping, 10 min after overtopping, 30 min
after overtopping, 50 min after overtopping, 80 min after overtopping and 100 min after
overtopping are shown in Figure 5. At the beginning of overtopping, the flow begins to
flow out along the pre-opened small gap, and the sediment on the dam crest shows a
certain suspension property. Under the entrainment of the flow, the surface of the dam crest
is uneven. After 10 min of overtopping, the breach develops slightly, and the downstream
of the dam slope is scoured along the slope in a Y shape under the scouring of the water
flow. After 30 min of overtopping, slight scouring damage occurs at the dam toe, and
a small amount of sediment is deposited at the dam toe. After 50 min of overtopping,
the breach developed obviously, the width and depth increased further, and the breach
began to form at the toe of the slope. After 80 min of overtopping, the breach at the foot of
the slope develops and continues to develop to the top of the dam, and the “deep ditch”
formed by water scouring deepens and widens continuously. At this time, the breach at
the top of the dam does not develop much. After 100 min of overtopping, a connected
breach was formed from the toe of the slope to the top of the slope, and the dam was almost
completely destroyed.
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4.2. Characteristics of Overtopping Dam Break

As the water level rises, the water flow begins to overflow the top. The water flow
first flows out along the pre-opened small gap (Figure 6a). With the flow of the water body,
the sediment is continuously entrained and scoured. When the dam is overtopped for
10 min, a Y-shaped area is formed at the downstream side of the dam slope (Figure 6b).
The distribution of waterflow on the surface of the dam body is relatively uniform at this
moment. As the erosion by the water flow proceeds, the erosion the dam surface with the
concentrated water flow is accelerated while forming several concentrated channels. As the
water flow continues to scour, the channels expand and gradually connect to form a deeper
trench (i.e., breach) through the slope of the dam body (Figure 6c). Under the action of
waterflow, the sediment on both sides of the trench can be scoured continuously. The width
of the breach develops under the action of gravity. The sediment at the bottom of the trench
is also scoured continuously, and the breach develops to the deep part (Figure 6e,f). Due to
the undercutting effect of the water flow, the scarp damage form will appear locally. As the
waterflow carries sediment away, it is often difficult to keep the flow straight because of
tailings sedimentation. As the breach develops continuously with time, the section of the
deep trench expands continuously until the dam body is destroyed.
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5. Overtopping Dam-Break Characteristics of Reduced-Scale Models
5.1. Fly Ash Mixed with Bentonite (4:1) Scheme

In the scheme of fly ash mixed with bentonite (4:1), the breach shapes of the model
dam crest section at the beginning of overtopping, 1 min after overtopping, 3 min after
overtopping, 5 min after overtopping, 8 min after overtopping and 10 min after overtopping
are shown in the Figure 7. According to the numerical simulation results, at the beginning
of overtopping, the dam crest interface is relatively flat, and the flow at the pre-opened
small gap is relatively concentrated. About one minute after overtopping, the dam crest
interface becomes uneven. Due to the fine particles of fly ash, the sediment shows certain
suspension characteristics. At this time, the grooves formed on the surface of the dam
due to the scouring of water flow are obvious. About 3 min after overtopping, the breach
develops rapidly, its width increases and the depth deepens to 0.1 m. The flow of water
scoured the trench further, and sediment deposits began to appear at the dam toe. About
5 min after overtopping, the width of the breach is further increased, and the depth is
further deepened to 0.2 m. The breach develops downstream of the dam slope, and a
large amount of sediment is deposited at the dam toe. About 8 min after overtopping,
the breach width reaches the maximum, and the breach depth changes little. Meanwhile,
the downstream breach of the dam slope is formed, and the downstream sediment is
continuously scoured (as shown in Figure 8). The breach continues to develop towards
the crest of the dam. After 10 min of overtopping, the depth of the breach reached the
maximum, and the dam body was almost completely washed out.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 11 of 23 
 

 
(f) 100 min after overtopping 

Figure 6. Breakage process of prototype tailings dam. 

5. Overtopping Dam-Break Characteristics of Reduced-Scale Models 
5.1. Fly Ash Mixed with Bentonite (4:1) Scheme 

In the scheme of fly ash mixed with bentonite (4:1), the breach shapes of the model 
dam crest section at the beginning of overtopping, 1 min after overtopping, 3 min after 
overtopping, 5 min after overtopping, 8 min after overtopping and 10 min after overtop-
ping are shown in the Figure 7. According to the numerical simulation results, at the be-
ginning of overtopping, the dam crest interface is relatively flat, and the flow at the pre-
opened small gap is relatively concentrated. About one minute after overtopping, the dam 
crest interface becomes uneven. Due to the fine particles of fly ash, the sediment shows 
certain suspension characteristics. At this time, the grooves formed on the surface of the 
dam due to the scouring of water flow are obvious. About 3 min after overtopping, the 
breach develops rapidly, its width increases and the depth deepens to 0.1 m. The flow of 
water scoured the trench further, and sediment deposits began to appear at the dam toe. 
About 5 min after overtopping, the width of the breach is further increased, and the depth 
is further deepened to 0.2 m. The breach develops downstream of the dam slope, and a 
large amount of sediment is deposited at the dam toe. About 8 min after overtopping, the 
breach width reaches the maximum, and the breach depth changes little. Meanwhile, the 
downstream breach of the dam slope is formed, and the downstream sediment is contin-
uously scoured (as shown in Figure 8). The breach continues to develop towards the crest 
of the dam. After 10 min of overtopping, the depth of the breach reached the maximum, 
and the dam body was almost completely washed out. 

 
(a) Start of overtopping (b) 1 min after overtopping 

Figure 7. Cont.



Appl. Sci. 2024, 14, 990 12 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 23 
 

  
(c) 3 min after overtopping (d) 5 min after overtopping 

  
(e) 8 min after overtopping (f) 10 min after overtopping 

Figure 7. Burst development of fly ash mixed with bentonite (4:1) scheme. 

 
(a) Start of overtopping 

Figure 7. Burst development of fly ash mixed with bentonite (4:1) scheme.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 23 
 

  
(c) 3 min after overtopping (d) 5 min after overtopping 

  
(e) 8 min after overtopping (f) 10 min after overtopping 

Figure 7. Burst development of fly ash mixed with bentonite (4:1) scheme. 

 
(a) Start of overtopping 

Figure 8. Cont.



Appl. Sci. 2024, 14, 990 13 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 23 
 

 
(b) 1 min after overtopping 

 
(c) 3 min after overtopping 

 
(d) 5 min after overtopping 

 
(e) 8 min after overtopping 

Figure 8. Cont.



Appl. Sci. 2024, 14, 990 14 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 23 
 

 
(f) 10 min after overtopping 

Figure 8. Dam-break process of fly ash mixed with bentonite (4:1) scheme. 

5.2. Scheme of Fine Tailings Mixed with 5% Fly Ash 
The fine-grained prototype tailings were used as the model dam material for the 

model test. It can be seen that the development speed of the dam breach and the destruc-
tion speed of the dam under the overall hydraulic scouring are obviously faster than the 
scheme of fly ash mixed with bentonite (4:1) (Figure 9). After 1 min of overtopping, the 
water flow on the dam crest is relatively uniform, and a Y-shaped scouring surface is 
formed on the surface of the dam body. The width and depth of the breach develop rap-
idly at 3~5 min after the overflow, the width of the breach reaches 0.1 m while the depth 
of the breach reaches 0.2 m. The water flow concentrated on the surface of the dam body 
forms a connected trench, and the foot of the slope also begins to collapse. At 5 min, the 
width of the breach is further developed, a large gap appears in the downstream of the 
dam slope and the dam toe is almost completely damaged. After 8 min of overtopping, 
the breach at the foot of the slope develops and continues to develop to the top of the dam. 
After 10 min of overtopping, the breach at the foot and top of the slope become connected, 
and the dam body is almost completely destroyed. In the whole process, the sediment 
deposition at the dam toe is less, and the sediment is mainly eroded by entrainment (Fig-
ure 10). 

  
(a) Start of overtopping (b) 1 min after overtopping 

Figure 8. Dam-break process of fly ash mixed with bentonite (4:1) scheme.

5.2. Scheme of Fine Tailings Mixed with 5% Fly Ash

The fine-grained prototype tailings were used as the model dam material for the model
test. It can be seen that the development speed of the dam breach and the destruction speed
of the dam under the overall hydraulic scouring are obviously faster than the scheme of fly
ash mixed with bentonite (4:1) (Figure 9). After 1 min of overtopping, the water flow on the
dam crest is relatively uniform, and a Y-shaped scouring surface is formed on the surface
of the dam body. The width and depth of the breach develop rapidly at 3~5 min after the
overflow, the width of the breach reaches 0.1 m while the depth of the breach reaches 0.2 m.
The water flow concentrated on the surface of the dam body forms a connected trench, and
the foot of the slope also begins to collapse. At 5 min, the width of the breach is further
developed, a large gap appears in the downstream of the dam slope and the dam toe is
almost completely damaged. After 8 min of overtopping, the breach at the foot of the slope
develops and continues to develop to the top of the dam. After 10 min of overtopping,
the breach at the foot and top of the slope become connected, and the dam body is almost
completely destroyed. In the whole process, the sediment deposition at the dam toe is less,
and the sediment is mainly eroded by entrainment (Figure 10).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 23 
 

 
(f) 10 min after overtopping 

Figure 8. Dam-break process of fly ash mixed with bentonite (4:1) scheme. 

5.2. Scheme of Fine Tailings Mixed with 5% Fly Ash 
The fine-grained prototype tailings were used as the model dam material for the 

model test. It can be seen that the development speed of the dam breach and the destruc-
tion speed of the dam under the overall hydraulic scouring are obviously faster than the 
scheme of fly ash mixed with bentonite (4:1) (Figure 9). After 1 min of overtopping, the 
water flow on the dam crest is relatively uniform, and a Y-shaped scouring surface is 
formed on the surface of the dam body. The width and depth of the breach develop rap-
idly at 3~5 min after the overflow, the width of the breach reaches 0.1 m while the depth 
of the breach reaches 0.2 m. The water flow concentrated on the surface of the dam body 
forms a connected trench, and the foot of the slope also begins to collapse. At 5 min, the 
width of the breach is further developed, a large gap appears in the downstream of the 
dam slope and the dam toe is almost completely damaged. After 8 min of overtopping, 
the breach at the foot of the slope develops and continues to develop to the top of the dam. 
After 10 min of overtopping, the breach at the foot and top of the slope become connected, 
and the dam body is almost completely destroyed. In the whole process, the sediment 
deposition at the dam toe is less, and the sediment is mainly eroded by entrainment (Fig-
ure 10). 

  
(a) Start of overtopping (b) 1 min after overtopping 

Figure 9. Cont.



Appl. Sci. 2024, 14, 990 15 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 15 of 23 
 

  
(c) 3 min after overtopping (d) 5 min after overtopping 

  
(e) 8 min after overtopping (f) 10 min after overtopping 

Figure 9. Breach development of fine model sand scheme. 

 
(a) Start of overtopping 

Figure 9. Breach development of fine model sand scheme.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 15 of 23 
 

  
(c) 3 min after overtopping (d) 5 min after overtopping 

  
(e) 8 min after overtopping (f) 10 min after overtopping 

Figure 9. Breach development of fine model sand scheme. 

 
(a) Start of overtopping 

Figure 10. Cont.



Appl. Sci. 2024, 14, 990 16 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 16 of 23 
 

 
(b) 1 min after overtopping 

 
(c) 3 min after overtopping 

 
(d) 5 min after overtopping 

 
(e) 8 min after overtopping 

Figure 10. Cont.



Appl. Sci. 2024, 14, 990 17 of 23Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 23 
 

 
(f) 10 min after overtopping 

Figure 10. Dam-break process of tailings scheme of fine model. 

5.3. Prototype Tailings Scheme 
When the prototype sand is used as the model sand in the model test, the develop-

ment of the breach and the speed of the dam break are obviously slowed down (Figure 
11). After 1 min of overtopping, the breach develops slowly and the water flow on the 
surface of the dam body is relatively uniform. After 3 min of overtopping, the breach de-
veloped only 0.15 m and the depth of the breach was only 0.08 m. The water flow scouring 
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the breach develops slowly, a large amount of sediment deposition occurs downstream of 
the dam slope and the overtopping scouring flow is tortuous, forming a multi-step trape-
zoidal “scarp”. After 15 min of overtopping, the dam body is close to destruction. In terms 
of overall performance, the erosion speed of the dam body is slow (as shown in Figure 
12). Due to the less sediment erosion caused by water entrainment, the sediment move-
ment shows greater shiftability. 

  
(a) Start of overtopping (b) 1 min after overtopping 

Figure 10. Dam-break process of tailings scheme of fine model.

5.3. Prototype Tailings Scheme

When the prototype sand is used as the model sand in the model test, the development
of the breach and the speed of the dam break are obviously slowed down (Figure 11). After
1 min of overtopping, the breach develops slowly and the water flow on the surface of the
dam body is relatively uniform. After 3 min of overtopping, the breach developed only
0.15 m and the depth of the breach was only 0.08 m. The water flow scouring groove on
the surface of the dam body is initially formed. After 5~8 min of overtopping, the breach
develops slowly, a large amount of sediment deposition occurs downstream of the dam
slope and the overtopping scouring flow is tortuous, forming a multi-step trapezoidal
“scarp”. After 15 min of overtopping, the dam body is close to destruction. In terms of
overall performance, the erosion speed of the dam body is slow (as shown in Figure 12).
Due to the less sediment erosion caused by water entrainment, the sediment movement
shows greater shiftability.
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6. Comparative Analysis and Discussion

According to the overtopping numerical tests of the above three different model
schemes, the change law of the model breach width using fine tailings mixed with 5% fly
ash is more similar to that of the prototype tailings dam with the breach width reaching
the maximum almost at the same time. The breach width of the model using fly ash mixed
with bentonite (4:1) increases obviously, and the breach width of this scheme reaches the
maximum earlier, which indicates faster erosion. When the prototype tailings are used
as the model dam material, the dam-break process shows obvious hysteresis. Even when
the time reaches 6000 s, the breach width still does not reach a reasonable size. According
to the development law of breach depth, the scheme of fine tailings mixed with 5% fly
ash is most similar to the prototype of tailings dam. The breach depth of the scheme of
fly ash mixed with bentonite (4:1) shows great fluctuation with the change of time. In the
vicinity of 3700 s, it even decreases instead of increasing. Excluding the influence of test
contingency, it may be that under the erosion of sediment, the breach deepens, causing the
instability and collapse of the slopes on both sides of the breach. This process can reduce
the depth of the breach temporarily. The prototype tailings scheme shows more obvious
hysteresis of the dam break. In addition, by observing the dam failure characteristics of
each scheme, the tailings in the scheme of fly ash mixed with bentonite (4:1) show great
mutual displacement, and a large amount of sediment is deposited in the downstream, and
the dam failure characteristics are inconsistent with the prototype of the tailings pond. In
the prototype tailings scheme, the dam-break speed is obviously slower than that of the
prototype tailings pond, and the downstream deposition is larger, which is inconsistent
with the prototype tailings pond.

The change law of the breach width and breach depth of the tailings dam with time
in the prototype as well as three model schemes is shown in Figure 13. When the breach
extends to the dam crest, then the tailings dam is considered to have undergone whole
failure. The time interval needed for the tailings dam failure in each scheme can be
measured as shown in Table 5. The predicted dam failure time of the model using fine
tailings mixed with 5% fly ash is the closest to the dam-break time of the prototype tailings
dam, and the dam-break time of the scheme of fly ash mixed with bentonite (4:1) is also
relatively close but slightly longer. However, the longest predicted dam failure time by
the model scheme using prototype tailings is about 7500 s, which is very different from
that of the prototype. Based on the breach process and dam-break time, the reduced
model scheme using 5% fly ash mixed with fine tailings can better meet the overtopping
failure characteristics of the prototype tailings dam. Above all, the similarity between
the overtopping dam-break model and the prototype can be greatly improved by using
inception similarity optimization to select the model sand.
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7. Conclusions

Based on the similarity optimization analysis of tailings incipient motion, the over-
topping failure process of a prototype tailings dam and reduced-scale model tailings dam
is modeled and calculated by using FLOW-3D numerical calculation software, and the
development characteristics of tailings dam breach, and the similarity degree between the
breach time and the prototype are compared and analyzed under three model sand schemes.
The results show that the similarity between the prototype model and the reduced-scale
model of overtopping test using tailings is very poor, the model using fly ash mixed with
bentonite (4:1) scheme has been greatly improved, and the similarity between the reduced-
scale model of fine tailings mixed with fly ash scheme and the prototype model is the
best. It is feasible to compare and select the model materials of tailings dam failure due to
overtopping by using the method of inception similarity optimization.
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