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Abstract: Due to the differences in mineral processing techniques, the grain-size of tailings used in the
construction of a tailings pond is not commensurate. It has been determined that the hydrodynamic
characteristics of mudflow resulting from the failure of tailings dams are directly influenced by
grain-size, solids concentration, and the surface roughness of gully and impoundment geometry.
However, the behavior and influence of the grain size of mudflow resulting from a tailings dam failure
have not been sufficiently examined. To investigate the effect of grain size on the hydrodynamic
characteristics of mudflow surging from tailings dam failure, the law of mudflow evolution, the change
of dynamics pressure, and the velocity distributions of mudflow have been obtained via a series
of flume experiments utilizing three types of grain size tailings (d50 = 0.72 mm; d50 = 0.26 mm;
d50 = 0.08 mm, respectively). This study proves conclusively that with an increase in grain size,
the peak value of mudflow depth notably decreases in the same section. Furthermore, it has been
noted that both the velocity and the dynamic pressure raise significantly, wherein the velocity displays
two distinct primary stages; namely a rapid reduction stage and a slow reduction stage. This research
provides a framework for the exploration of the effect of grain size on the hydrodynamics of slurry
surging from a tailings dam failure, and all presented results provide an indispensable tool in terms
of the accurate assessment of potential damage in the case of a prospective impoundment failure.
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1. Introduction

In recent years, mine security accidents have occurred frequently, and the situation of the safe
production of a mine has been in the severe condition [1–3]. In China, currently, there are more than
12,000 tailings impoundments nation-wide, most of which pose a potential hazard [4]. A characteristic
common to the majority of tailings dam failures in the mining sector is the liquification of tailings,
which results in a high-energy mudflow. When swept downstream, this creates the potential for
extensive damage to property [5]. To assess the prospective damage in the case of such a failure, it is
necessary to be able to predict the characteristics of the flow and the possible extent of flood movement.
However, due to the differences in mineral processing techniques, the particle size and the distribution
of tailings utilized during the construction of tailings impoundments are unequal; accordingly, there is
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an ostensible difference in the particle size of the resultant mudflow after the occurrence of a tailings
dam failure.

The mechanical properties of mine tailings are heavily influenced by the particles’ grain size [6].
Over the past few decades, the mechanical properties of fine and coarse tailing materials have been
studied based on a large number of physical and mechanical experiments [7–9]. In a study conducted
by Yin [10], two individual tailings impoundments were studied (based on a series of model tests),
the former of which using coarse tailings and the latter using fine tailings, to examine the effect of
particle grain size on seepage laws. Moreover, Zhang [11] and Qiao [12] examined fine particle content
of tailings dams and their effect on the liquefaction and engineering properties of tailings.

Furthermore, many researchers have studied rheological behaviors relative to the effect of tailings
particle grain size over the past few years. Jeyapalan [13] conducted a series of flume experiments to
predict flow characteristics and the possible extent of flood movement, consequently analyzing these
findings based on flow movements observed in several case studies where failures have occurred.
Jeong [14] analyzed factors affecting rheological behaviors, particularly with regard to the grain
size of iron ore tailings. Charlebois [15] conducted a study on the flow and beaching behavior of
sub-aerially deposited, polymer-flocculated oil sand tailings. Dutto [16] elucidated the influence of
the type of viscous model—pure cohesive versus pure frictional—with the numerical reproduction of
two different real flowslides that occurred in 1966: the Aberfan flowslide and the Gypsum tailings
impoundment flowslide.

The hydrodynamic characteristics of debris flow are influenced not only by the roughness of the
downstream gully [17–20] but also by the grain size, sediment concentration [21–23], although the
behavior and influence of grain size on mudflow resulting from a tailings dam failure have not been
examined sufficiently. To be able to assess the potential for damage in the event of tailings dam failure
accurately, it is necessary to characterize the hydrodynamic properties of different particle sizes of the
resulting mudflow.

This paper presents the factors affecting the hydrodynamic behaviors of mudflow surging from a
tailings dam-break, particularly relative to the effect of grain size on these behaviors. This has been
achieved via the utilization of a self-designed Tailings Dam-Break Model Test System (TDBMTS) which
consists of glass flumes, a mudflow-height observation system, and a measurement system for the
velocity and impact force of mudflow [24]. A series of flume experiments were conducted to observe
the hydrodynamic behaviors of mudflow using three grain-particles of different sizes (d50 = 0.72 mm;
d50 = 0.26 mm; d50 = 0.08 mm, respectively). From this analysis, some general conclusions can be drawn
regarding the influence of grain-size on hydrodynamic behaviors, and insight has been obtained in
terms of the development of conducting preliminary analysis for the assessment of potential damage
in the case of a tailings dam failure.

2. Experimental Test

2.1. Experimental Apparatus

The experimental apparatus (Tailings Dam-Break Model Test System (TDBMTS)) consists of glass
flumes, an observation system for mudflow height, and a measurement system for the velocity and
impact force of mudflow. (Figure 1). Experiment measurement points and equipment layout are shown
in Figure 2.

The main glass flume for the upstream (tailings pond) area has an internal dimension of 200 cm
(length) by 60 cm (width) by 50 cm (height). The inner wall of the flume was lubricated with Vaseline
to reduce friction. Six glass flumes, the dimensions of which were 100 cm (length) by 30 cm (width)
by 40 cm (height), were connected at the downstream point. According to the actual topography of
Yangtianjing tailings dam in China, the slope ratio of the gully is set to 2%, and the roughness of gully
is set to 0.012. The mudflow movement was monitored using high-resolution cameras. There were
four pressure sensors that were evenly spaced at 150 cm intervals, to monitor the impact force of
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downstream mudflow. To simulate a tailings dam-break, the rectangular gate was opened by the
pneumatic cylinder within 0.5 s. The mudflow was prepared and premixed with tailings and water in
40% concentration using a mixer, then transported into the tailings pond.
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Figure 1. Tailings Dam-Break Model Test System (TDBMTS).
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Figure 2. Monitoring points’ distribution, (a) lateral view; (b) top view, length in (cm).

2.2. Experimental Materials and Procedures

The copper tailings utilized throughout all tests were extracted from a tailings disposal site located
in Yunnan Province, China, being classified (GB/T 50123-1999) as silt with sand. The copper tailings
particle-size distribution is shown in Figure 3, and the characterization test results are presented in
Table 1. The d50 of the coarse tailings, medium-sized tailings and fine tailings are d50 = 0.72 mm,
d50 = 0.26 mm, d50 = 0.08 mm, respectively.

According to the similarity theory, the mudflow was initially prepared and premixed with tailings
and water at 40% volume concentration utilizing a mixer, then run through a pump to transport the
mudflow into the tailings pond until the level reached a 30 cm height. All sensors and cameras were
completely preinstalled. Finally, the rectangular gate was opened completely (simulating the sudden
dam-break) by the pneumatic cylinder in 0.5 s.

The sensors mentioned above recorded the mudflow velocity, depth, and dynamics pressure in
real time during the experiment.
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Figure 3. Size distributions of tested copper tailings (sorts A, B, C).

Table 1. Properties of the copper tailings sample.

Index
Material

Tailings A (Coarse) Tailings B (Medium) Tailings C (Fine)

Specific gravity (t/m3) 2.8 2.8 2.8
Moisture content (%) 12.5 12.1 12.8

Porosity 0.52 0.55 0.67
Modulus of compression (MPa) 17.6 15.1 13.8

Coefficient of compressibility (MPa−1) 0.078 0.086 0.135
Permeability coefficient (×10−6 m·s−1) 9.86 6.67 1.46

Cohesion (kPa) 7.5 9.9 11.4
Internal friction angle (Φ/◦) 31.2 28.1 23.5

d50 (mm) 0.72 0.26 0.08

3. Results and Discussion

3.1. Mudflow Flood Hydrograph

Parallel to the depth of the mudflow wave measurements, the evolution of the free surface profiles
were captured using digital cameras capable of recording 300 frames per second (fps) at a resolution of
512 × 384 pixels. To obtain detailed information regarding the complex free surface flow, four digital
cameras were used, and lateral views of the flow evolution were taken. The mudflow flood hydrograph
at downstream monitoring points was analyzed based on the video images captured during randomly
selected experimental runs. For different particle grain sizes, the mudflow flood hydrographs were
plotted in Figure 4.

Figure 4 shows the mudflow flood hydro-graph at locations S2 and S4 (3.0 m and 6.0 m downstream
from the gate) relating to the tests where H = 30 cm was the initial filling height. The hydro-graph
shape comprised of two peaks, with the first reaching 12.7 cm at a time of 1.05 s and the second
peak reaching 10.8 cm at a time of 3.15 s (Figure 4a). The first hydrograph peak was composed of a
water-dominant flow, mainly from the upper water-laid layer at the tailings pond, whereas the second
contained a high tailing load in a high viscosity flow. The mudflow flood hydrograph is divided into
three stages: Stage (A), rapid increase; Stage (B), rapid reduction; Stage (C), slow reduction.

As shown in Figure 5, along with the decrease of tailings particle size, the peak of mudflow
depth gradually increases in value. An analysis of the peak value of the location of S2 (3.0 m
of downstream of the gate) shows that the first peak values of mudflow depth were 12.7 cm,
11.1 cm, and 10.0 cm, and the second peak values were 10.8 cm, 10.7 cm, and 9.1 cm for fine
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tailings, medium tailings, and coarse tailings, respectively. Relative to the maximum depth of fine
tailings-mudflow, the medium tailings-mudflow, and the coarse tailings-mudflow decreased by 12.6%
and 9.9%, respectively. The grain-size affected the maximum depth of tailings-mudflow significantly.Appl. Sci. 2019, 9, x 5 of 10 
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Figure 4. Mudflow flood hydrograph at locations S2, and S4 (3.0 m and 6.0 m downstream of the gate)
for tests with H = 30 cm as the initial filling height. The hydrograph comprises two peaks related to a
first water pulse and a second tailings flow. Stage (A): rapid increase; Stage (B): rapid reduction; Stage
(C): slow reduction. Note: The time t = 0 in Figure 4a,b are the starting time of mudflow reaching
station S2 and S4.
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Figure 5. The depth of mudflow at the section of S2 (3.0 m downstream of the gate).

With a decrease in the size of the tailings particles, there is an increase in the number of particles
in a constant volume. As a result of this, accordingly the number of interactions between particles
increase, leading to an overall increase in viscosity (the resistance to force that causes flow) [25];
the mudflow height will increase in the flume, leading to an increase of the peak value.

3.2. Changes in the Dynamic Pressure of Mudflow

To obtain detailed information regarding the dynamic pressure of mudflow surging from a tailings
dam-break during randomly selected experimental runs, four pressure sensors were used, and the
dynamic pressure was taken. The dynamic pressure at four specific locations S1, S2, S3, and S4 (1.5 m,
3.0 m, 4.5 m, and 6.0 m downstream of the gate) were analyzed, and the dynamic pressure of mudflow
was plotted in Figure 6 corresponding to three different types of tailing particle sizes. Figure 6 shows
the dynamic pressure curve at locations S2 and S4 (3.0 m and 6.0 m downstream from the gate) for
tests with H = 30 cm as the initial filling height. The dynamic pressure curve consisted of three stages:
rapid increase (Stage A), rapid reduction (Stage B), and slow reduction (Stage C).
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Figure 6. Dynamic pressure curve at locations S2, and S4 (3.0 m and 6.0 m downstream of the gate)
for tests with H = 30 cm as the initial filling height. The dynamic pressure-history comprises of three
stages, stage (A): rapid increase stage; Stage (B): rapid reduction stage; Stage (C): slow reduction stage.
Note: The time t = 0 in Figure 4a,b are the starting time of mudflow reaching station S2 and S4.

As shown in Figure 7, along with an increase in the article size of the tailings, the peak of
dynamic pressure also gradually increased in value. An analysis of the peak value at the location of
S2, the peak values of dynamic pressure were 4.1 kPa, 5.6 kPa, and 6.5 kPa for fine tailings, medium
tailings, and coarse tailings, respectively. Relative to the maximum pressure of fine tailings-mudflow,
the medium tailings-mudflow and the coarse tailings-mudflow increased by 26.7% and 13.8%,
respectively. The grain size significantly affected the maximum pressure of tailings-mudflow.
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Figure 7. Peak value of dynamic pressure at sections S2 and S4 (3.0 m and 6.0 m downstream of
the gate).

It has been pointed out in Section 3.1 that the smaller the particle size, the smaller the mudflow
velocity. The experimental results are explained. According to the relationship between mudflow
velocity and impact force in literature [26], the pressure of mudflow is positively correlated with
velocity. Therefore, the smaller the particle size, the smaller the velocity, and the smaller the pressure.

3.3. Changes in Velocity of Mudflow

To obtain detailed information on the topic of the velocity of mudflow surging from a tailings
dam-break during randomly selected experimental runs, velocity trackers were used, and the velocity
was recorded. The velocities at four locations S1, S2, S3, and S4 (1.5 m, 3.0 m, 4.5 m, and 6.0 m
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downstream of the gate) were analyzed, and the velocity of the mudflow is plotted in Figure 8
corresponding to the three different tailing particle sizes. The initial velocity at different monitoring
points is shown in Table 2.
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Figure 8. Velocity curve of the mudflow flood at locations S2, and S4 (3.0 m and 6.0 m downstream
of the gate) for tests with H = 30 cm as the initial filling height. The curve comprises of two stages.
Stage (A): rapid reduction stage; Stage (B): slow reduction stage. Note: The time t = 0 in Figure 4a,b are
the starting time of tracker reaching station S2 and S4.

Table 2. Initial velocity at different sections for the three different particle sizes of the tailings.

Material Types
Front Velocity V (m·s−1)

S1 = 1.5 m S2 = 3.0 m S3 = 4.5 m S4 = 6.0 m

Tailings A (coarse) 3.0 2.6 2.2 2
Tailings B (medium) 2.5 2.2 1.8 1.6

Tailings C(fine) 2.1 1.9 1.5 1.3

Figure 8 depicts the velocity curve at different monitoring points in the downstream trench.
The velocity curve presented two distinct primary stages, namely a rapid reduction stage (A) and a slow
reduction stage (B). The velocity is relatively high at the initial stage of the dam-break. At all monitoring
points, with an increasing of the particle size of the tailings, the velocity increases simultaneously.

Table 2 indicates the initial velocity at different monitoring points for the three different tailing
particle sizes. As shown in Table 2, along with the increase of the particle size of the tailings, the initial
peak velocity gradually increases in value. Analysis of the peak value at the location of S2, the peak
values of the initial velocity were 1.9 m·s−1, 2.2 m·s−1, and 2.6 m·s−1 for fine tailings, medium tailings,
and coarse tailings, respectively.

Similarly, it has been pointed out in Section 3.1 that with a decrease in the size of the tailings
particles, there is an increase in the viscosity of mudflow. As a result of this, the liquidity of mudflow
is worse, leading to an overall decrease in velocity.

4. Discussion and Conclusions

The findings of this research have provided insights into the hydrodynamic characteristics of
mudflow caused by the failure of a tailings dam considering the influence of grain-size. All presented
findings are applicable to the prediction of mudflow behavior in terms of time and distance. From the
study presented in this paper, the following conclusions may be drawn:

• The hydrograph shape comprised of two peaks. The first hydrograph peak was composed of a
water-dominant flow, mainly from the upper water-laid layer of the tailings pond, whereas the
second contained a high-tailings load in a high viscosity flow.
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• The mudflow flood hydrograph and pressure curve can be divided into three stages: rapid
increase stage; rapid reduction stage; slow reduction stage. The velocity curve displayed two
obvious primary stages, namely a rapid reduction stage and a slow reduction stage.

• Simultaneous to the increase in the particle-size of the tailings, the peak of dynamic pressure
and velocity gradually increase in value. However, the peak of mudflow depth gradually
decreases in value. Particle grain size has a significant impact on the hydrodynamic characteristics
of tailings-mudflow.

Due to the characteristics of large discharge, strong destructiveness, and sudden occurrence of
dam-break mudflow, field observation, and test are difficult to achieve. Therefore, a model test is an
important method to study the flow characteristics of mudflow from tailings dam-break at present.
This paper researches the effect of grain size on the hydrodynamics of mudflow surge from a tailings
dam-break by a self-designed Tailings Dam-Break Model Test System (TDBMTS), it achieves a good
result. But there are also some shortcomings in the experiments, the actual downstream groove
topography of tailings-dam is generally complex, but this test simplified the downstream groove,
which only studied the flow characteristics of mudflow in the case of regular groove, but the change
of groove width has a significant impact on the propagation characteristics of mudflow. Meanwhile,
the accuracy of measuring instruments needs to be improved to obtain more accurate data. How to
solve these problems are worth further exploration.
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