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This work is aimed at revealing the mesophysical process and mechanical behaviors of ﬁne-grained tailing sand during seepage
failure. The macroscopic seepage tests combined with posttest X-ray computed tomography (CT) were employed to study the
fractal characteristics of mesostructure. Results show that before and after the seepage failure of ﬁne-grained tailing sand,
fractal of pore distribution (Dpd ) and fractal dimension of pore size (Dps ) show a relatively obvious positive correlation with
porosity. Tailing particles migrate along the seepage direction during the seepage process, resulting in the gradual decrease of
Dpd and pore distribution area. The Dps reﬂects the variation characteristics of pore number distribution with diﬀerent pore
sizes. The increase in Dps leads to a decrease in the uniformity of pore size and an increase in the size diﬀerence between
pores. The mass fractal dimension (Dm ) of ﬁne-grained tailing sand samples ranges from 1.6472 to 1.8256. With the increase
of Dm , the coeﬃcient of uniformity (Cu ) of tailing sand tends to increase. The Dm method can discern the seepage failure type
of ﬁne-grained tailing sand, and it is more accurate than the traditional method. This study provides a reference for the
prevention and control of the seepage failure of tailing dam.

1. Introduction
Tailing sand is the raw material for the tailing dam. It is a
special geotechnical medium produced after ore crushing
and separation. It is quite diﬀerent from natural soil in structural characteristics and physicochemical properties [1–3].
Fine tailing sand particles migrate under the action of pore
water seepage, which aﬀects the skeleton structure of tailing
particles and weakens the structural strength of the tailing
dam [4]. It may cause seepage damage and even instability
of tailing dam. At present, there have been a lot of studies
on the macroscopic seepage characteristics and mechanical
behavior of tailing sand, as well as some studies on the
mesostructure characteristics [5–10]. Yin et al. [1] studied
the eﬀect of seepage on the microstructure of tailing sand
and found that the loose particles migrate taken by seepage

water, the upper pores become bigger, and lower pores
become smaller. By scanning electron microscopy and
X-ray CT, Yang et al. [11] found that the silty tailing sand
contained granular particles and ﬂake particles, and the surface of sand tailings was rougher. Shi et al. [12] studied the
changed characteristics of particle distribution and pore
structure of three kinds of ﬁne-grained tailing sand after
seepage failure by micro-CT. However, the mesostructure
changes of tailing sand seepage failure are extremely complex. The introduction of fractal theory is helpful to study
the variation characteristics of mesostructure.
Fractal theory was proposed by Mandelbrot [13]. It provides new ideas for studying the microstructure characteristics of soils and rocks and provides an eﬀective theoretical
method for quantitatively characterizing their complex characteristics. Fractal dimension of particle size analyzes the
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complex distribution characteristics of particle size and particle number, volume, and mass, which proposes a fractal
model of particle number-particle size [14]. Tyler and
Wheatcraft [15] established the relationship expression
between particle mass fraction and particle size based on
the fractal model of particle number-particle size, making
the Dm become an important parameter for the grading
characteristics of soil particles. The Dm is widely used in
the study of the spatial variability of soil particle size distribution, the moisture characteristic curve, and the study of
particle breakage under diﬀerent loading conditions such
as uniaxial compression, triaxial compression, and impact
load [16–20]. The pore fractal method establishes a fractal
model of the mesostructure of soil based on the characteristics of pore distribution or pore size distribution [21, 22]. It
provides a theoretical method for quantitatively studying the
microstructure characteristics, hydrodynamic characteristics, structural strength, and electrical conductivity of soil
[23–29]. Fractal theory is a useful tool for studying the
mesostructure of soil and rock. It is rarely used in the study
of tailing sand. Jiang [30] studied the fractal characteristics of
tailing sand lenses and their inﬂuence on the stability of the
tailing dam. Zhang et al. [31] quantitatively studied the microscopic characteristics and deformation characteristics of tailing sand based on fractal geometry. However, the available
research is rarely involved in analyzing the fractal characteristics of the mesostructure of tailing sand seepage failure.
In this paper, a specially designed seepage failure instrument was used to conduct a macroscopic seepage failure
experiment of ﬁne-grained tailing sand, and a CT scanning
was performed on the samples after seepage failure. Based
on the fractal theory, the fractal characteristics of the mesostructure of tailing seepage failure are studied, and the Dm
method is proposed to distinguish the types of tailing sand
seepage failure. The research results provide a reliable reference for the treatment of seepage failure of tailing dam.

2. Fractal Theory
2.1. Fractal Dimension of Pore Distribution. In the calculation of the Dpd of tailing sand, the Dpd of porous media constructed by Sierpinski gasket can be used to describe the
distribution of pores [32]. Assuming that the twodimensional image of area L × ðβLÞ contains multiple particles (β is the ratio of the side length of the x axis to the y
axis). The image is divided into an orthogonal grid with a
speciﬁcation of L/a × ððβLÞ/aÞ by a square grid with a side
length of a. The total number of grids containing pores (or
part) is NðaÞ, and it changed a to make it change within a
certain range, such as a1 , a2 , ⋯, an . Then, the sequence
values of the corresponding total number of grids, Nða1 ÞN
ða1 Þ, Nða2 ÞNða2 Þ, ⋯, Nðan Þ, are obtained. When determining the length of a, β should be fully considered to ensure
that the lengths of both sides can be divisible by a. These
data pairs are expressed in the double logarithmic coordinate system, and the ln a − ln NðaÞ correspondence relationship can be determined intuitively. If there are linear
features, it indicates that the particle distribution has fractal
features:
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Dpd = lim

a⟶0

log N ðaÞ
,
log 1/a

ð1Þ

where Dpd is the fractal dimension of pore distribution.
2.2. Fractal Dimension of Pore Size. Pore size is one of the
important parameters of porous media. For a certain porous
media, the total number of pores is assumed to be a constant. Generally, the variation of pore number is characterized by the distribution characteristics of the cumulative
number Nð≥rÞ of pores larger than r (r is pore size). According to the distribution characteristics of porous media, r −
Nð≥rÞ has a good power function correspondence [14],
namely,
N ð≥rÞ =

ð rmax

pðr Þd ∝ r−Dps ,

ð2Þ

r

where pðrÞ is the pore size distribution density function;
N is the total number of pores, a constant; r max is maximum
pore radius in porous media; NðrÞ is the number of total
pores greater than r.
This is completely consistent in form with the deﬁnition
of the capacity dimension in fractal geometry (also known as
the Kolmogorov capacity dimension), so it can be said that
the microscopic pore distribution of porous media has fractal characteristics. In the speciﬁc calculation, the pore radius
r was taken as the abscissa, and NðrÞ was taken as the ordinate. The relationship of r and NðrÞ was determined in the
bilogarithmic coordinate system, and the negative slope of
the stable straight line part was taken as Dps .
2.3. Fractal Dimension of Particle Size and Mass Fractal
Dimension. The particle size distribution of tailing sand
has statistical self-similarity. Traditional tailing sand particle
size characterization methods cannot further distinguish the
subtle diﬀerences between tailing sand with diﬀerent properties. The introduction of the fractal dimension has eﬀectively
solved this problem [33]. As one of the basic physical properties of tailing sand, particle size distribution is not only an
important content in the study of tailing sand structure but
also an important indicator of the seepage failure of tailing
sand. For example, fractal dimension of particle size of tailing sand can further compare the particle distribution feature and texture uniformity of diﬀerent tailing sand [34,
35]. Particle composition is an important parameter of soil.
In the two-dimensional plane, it is assumed that the area
occupied by particles larger than a certain particle size R is
A [15].
"

 2−D #
R
Aðr > R Þ = C a 1 −
,
λa

ð3Þ

where r is the measuring scale and Ca and λa are parameters related to the size and shape of the particles.
Extend formula (3) from two-dimensional to threedimensional state; then, the volume of soil larger than a certain particle size Ri is as follows:
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3
 3−D #
Ri
:
V ðr > R i Þ = C v 1 −
λv

ð4Þ

The particles between the two sieves are expressed by
 i ; then, formula (4) can be expressed
their average value R
as follows:
"  3−D #



 i = C v 1 − Ri
V r>R
:
ð5Þ
λv
Assuming that the speciﬁc gravity of particles at all levels
is equal, the mass greater than a certain average particle size
 i is as follows:
R
  3−D #
 i = ρV r > R
 i = ρC v 1 − Ri
M r>R
:
λv








"

ð6Þ

ð7Þ

ð8Þ

where Dm is the mass fractal dimension of soil particles.
The Dm calculation method is as follows: M R is the
cumulative mass of particles smaller than a certain particle
size R, and M is the total mass of soil particles. Then, M R /M
and R can be expressed in the double logarithmic coordinates,
using the least square method for linear regression ﬁtting,
and the slope of the straight line is set to K; then, the Dm of
the corresponding soil particles is as follows:
Dm = 3 − K:

ð9Þ

Assuming that the speciﬁc gravities of the particles at all
levels are equal, the volume ratio V R /V and R of particles
smaller than a certain particle size R can be expressed in
the double logarithmic coordinates, and the least square
method is used for linear regression ﬁtting. The slope of the
straight line is K ′ ; then, the Dm of the corresponding soil
particles is as follows:
Dm = 3 − K ′ :
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Assume that Rmax is the maximum particle size of soil;
then,

 
i
 i 3−Dm
M r<R
R
=
,
Rmax
MT

Chemical
composition

1000

Assuming that the average particle size is zero, formula
(6) represents the mass M T of all soils, putting M T into the
calculation to obtain the following:


  3−D
i
M r>R
Ri
=1−
:
λv
MT

Table 1: Chemical composition and content of tailing sand.

Diﬀraction intensities

"

ð10Þ

3. Experimental Materials and Methods
3.1. Tailing Sand. The tailing sand used in the experiment
came from the Makeng tailing pond in Longyan City, Fujian
Province, China. The tailing sand was analyzed by X-ray
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Figure 1: XRD spectrum of tailing sand.

ﬂuorescence spectroscopy (XRF), and it was found that the
tailing sand is mainly composed of SiO2, CaO, Fe2O3,
MgO, Al2O3, and other components. The speciﬁc content
is shown in Table 1.
From the results of X-ray diﬀraction (XRD) analysis of
tailing sand, the main mineral components of tailing sand
are Calcite, Andradite, Quartz, Fluorite, and Titanite. The
speciﬁc content is shown in Figure 1.
The ﬁve groups of tailing sand were experimented with a
laser particle size analyzer to obtain the particle size distribution curve and particle size gradation cumulative curve. The
result is shown in Figure 2.
It can be seen from Figure 2 that the composition of
the tailing sand particles in the ﬁrst and second groups
is similar, and the content of ﬁne particles smaller than
75 μm is about 25%. However, the distribution curve of the
particles in the ﬁrst group is slower than that in the second
group, and the content of ﬁne particles with a diameter of
0-20 μm is accumulated faster in the initial stage.
The content of ﬁne particles with a particle size of less
than 75 μm in the third group to the ﬁfth group is, respectively, about 40%, 70%, and 30%. Gradation constants of
diﬀerent groups of tailing sand are shown in Table 2. Five
groups of tailing sand are all in a poorly graded state, which
has a negative impact on the safety and stability of the tailing
dam.
According to the grain size grading accumulative curve,
use formula (8) for analysis and calculation to obtain the
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Figure 2: Continued.
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Figure 2: Continued.
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Figure 2: Grain size grading accumulative curve of ﬁne-grained tailing sand: (a) the ﬁrst group; (b) the second group; (c) the third group; (d)
the fourth group; (e) the ﬁfth group.
Table 2: Grading constants of tailing sand of diﬀerent groups.
Groups d10 (μm) d30 (μm) d50 (μm) d60 (μm)

Cu

Cc

First
Second
Third
Fourth
Fifth

3.14
2.92
3.50
3.06
3.42

1.01
0.63
1.23
1.15
1.15

47.12
47.16
30.49
20.15
39.78

83.88
64.22
63.32
37.75
78.87

118.15
119.75
91.7
53.37
112.96

147.96
137.96
106.85
61.58
136.03

d 10 : the mass of soil particles smaller than this size is 10% of the total mass
of tailing sand particles, which is the eﬀective particle size. d30 : the mass of
soil particles smaller than this size is 30% of the total mass of tailing sand
particles, which is the median particle size. d50 : the mass of soil particles
smaller than this size is 50% of the total mass of tailing sand particles,
which is the average particle size. d 60 : the mass of soil particles smaller
than this size is 60% of the total mass of tailing sand particles, which is
the constrained grain size. C u is the soil coeﬃcient of uniformity obtained
from the grain size distribution curve. Cc is the soil curvature coeﬃcient
obtained from the grain size distribution curve.

Dm of tailing sand. The results of one to ﬁve groups are,
respectively, 1.7498, 1.6472, 1.8256, 1.7007, and 1.7805.
3.2. Experimental Equipment. The experiment uses a specially designed seepage failure instrument suitable for ﬁnegrained tailing sand. It is composed of four parts: a lifting
water supply device, a pressurized water tank, a sample container, and a piezometer tube, as shown in Figure 3(a). The
sample container is a transparent cylinder with an inner
diameter of 150 mm and a height of 270 mm, which is convenient for observing experimental phenomena. In the sample container sidewall from bottom to top every 40 mm, set
pressure tube joints, a total of ﬁve joints. The following four
joints are connected with the pressure tube, the top joint as a
water outlet to collect seepage ﬂow. After the seepage failure

experiment, the tailing sand sample was scanned using a
nano Voxel-3000 micro-CT, as shown in Figure 3(b). The
highest spatial resolution capability of this instrument is
0.5 μm, which can nondestructively perform threedimensional visual characterization of the internal microstructure of tailing sand.
3.3. Experimental Procedure. The experiment adopts the
method of increasing the head diﬀerence step by step to simulate the whole process of the seepage failure of tailing sand.
After the seepage failure experiment, layered samples are
taken for CT scanning. The speciﬁc experimental process is
as follows:
(1) Preparation Stage. It is according to the selected dry
density ρ = 2:0 g·cm-3 to determine the quality of the
tailing sand. Before ﬁlling the tailing sand, the vaseline was evenly spread on the tube wall inside the
sample container. A 150 mm diameter permeable
stone is placed at the bottom of the sample container
to ensure uniform and stable water ﬂow during inﬁltration. Connect the sample container, the pressurized water tank, and the water supply device and
then exhaust the air in the pressurized water tank
through the exhausting valve, so that the pressurized
water tank is ﬁlled with water.
(2) Filling Stage. Tailing sand is divided into ﬁve layers
in the sample container and compacted with a tamper after ﬁlling. Each layer of tailing sand is rammed
to a thickness of 40 mm according to the preset dry
density, while ensuring that the sample is as uniform
and smooth as possible. After each layer of tailing
sand is ﬁlled, open the water supply valve until the
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Figure 3: Experimental equipment: (a) a specially designed seepage failure instrument; (b) a nano Voxel-3000 micro-CT system.

surface of the tailing sand begins to bleed. Then, connect the pressure tube and remove the bubbles in the
tube. Before adding the next layer of tailing sand, a
silica gel sealing ring is placed on the surface of it
to prevent concentrated seepage along the sidewall
from aﬀecting the experimental results. After tailing
sand ﬁlling, raise the water head height of the water
supply device until the outlet of the sample container
gives water. At this time, the initial water head height
of the experiment is reached, and the water head is
kept stable. After standing for 24 hours, it is considered that the tailing sand has reached saturation.
(3) Experimental Stage. After the tailings are saturated,
seepage begins to occur, and the seepage ﬂow for 5
minutes is collected by a measuring cylinder, and
the data is recorded. When the seepage ﬂow is stable
and the value of the piezometer is constant, the reading of the piezometer is recorded. The height of the
water head is increased step by step by adjusting
the height of the lifting water supply device, and it
increases by 2 cm each time. The readings are
recorded after 10 minutes of stabilization until the
tailing sand sample is damaged by the seepage force.
Pay attention to observing experimental phenomena
during the experiment. When there are obvious
cracks or slight uplift on the surface of the tailing
sand sample, or cracks and faults appear on the tailing sand, it indicates that the sample has reached the
critical failure. At this time, the readings of each piezometer tube are recorded to calculate the hydraulic
gradient, which is the critical hydraulic gradient (icr )
of the seepage failure of the sample. With the gradual
increase of the water head, when the seepage ﬂow
suddenly increases, it is considered that the sample
has been destroyed at this time, and the experiment
is stopped. The sample of tailing sand during the
seepage failure process is shown in Figure 4
The ﬁrst group of tailing sand sample is sampled layer by
layer for CT scanning after seepage failure to obtain the
microstructure characteristics of the pores. After the seepage

Figure 4: Tailing sand sample during the seepage failure.
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Figure 5: Wax-seal tailing sand sample.
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Figure 6: Micro-CT scanning of tailing sand.
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Figure 7: Continued.
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Figure 7: The relationship curve of the hydraulic gradient with seepage velocity and permeability coeﬃcient: (a) the ﬁrst group; (b) the
second group; (c) the third group; (d) the fourth group; (e) the ﬁfth group.
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Figure 8: Two-dimensional section diagram of tailing sand sample: (a) x-y direction; (b) x-z direction.

failure of the ﬁrst group of tailings, stratiﬁed sampling from
bottom to top is carried out for CT scanning. The sampling
positions are 0-40 mm for the ﬁrst layer, 40 mm-80 mm for
the second layer, 80 mm-120 mm for the third layer, and
120 mm-160 mm for the fourth layer. All samples are cube
with a side length about 15 mm, numbered h-1, h-2, h-3,
and h-4, and sealed with paraﬃn after sampling to facilitate
CT scanning. At the same time, set up a control group. The
ﬁrst group of tailing sand is ﬁlled into the specially designed
seepage failure instrument, and the saturated sample is used
as the sample before the seepage failure. Scan samples are

taken in layers at the same sampling position, numbered q1, q-2, q-3, and q-4, with a total of eight CT scan samples,
as shown in Figure 5. CT scanning of tailing sand is shown
in Figure 6.
By adjusting the micro-CT scan parameters, making the
tailing sand sample gets the best imaging eﬀect. In the experiment, the voltage, the current, exposure time, and resolution were, respectively, 140 kV, 70 μA, 0.80 s, and 7.57 μm.
A cone beam continuous scanning method was adopted in
the experiment, and the scanning rate was 0.25°/frame, with
1440 projections in total.
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Figure 9: Tailing sand pore threshold segmentation. (a, b) q-1; (c, d) h-1; (e, f) q-2; (g, h) h-2; (i, j) q-3; (k, l) h-3; (m, n) q-4; (o, p) h-4.

4. Experimental Results
4.1. Flow Velocity and Hydraulic Gradient. In the process of
the seepage failure experiment, record the seepage ﬂow and
sample seepage height (the diﬀerence between piezometer
tube 1 and tube 4) of the ﬁve groups of tailing sand samples
at diﬀerent water head heights. Then, the seepage velocity
and hydraulic gradient are calculated. The relationship curve
of the hydraulic gradient with seepage velocity and permeability coeﬃcient is shown in Figure 7.
Fine particle tailing sand continuously ﬂowed out from
the top of the ﬁrst group of tailing sand samples during
the seepage failure experiment. With the increase of seepage
force, microcracks appeared in the middle of the sample and
turbidity appeared on the top. According to the relationship
curve between seepage velocity and hydraulic gradient in the
records, seepage failure has happened in the sample, when
the hydraulic gradient of the sample is 3.15. At the same
time, the permeability coeﬃcient suddenly increased from
8:98 × 10−4 cm · s−1 to 10:22 × 10−4 cm · s−1 . Combined with
the experimental phenomenon, we found that the failure
type of tailing sand includes both piping failure and ﬂow soil
failure, which is a transitional failure.

In the second and fourth groups of tailing sand sample,
cracks appeared in the middle and lower parts of the later
stage of seepage failure, and sand boiling appeared on the
top. With the increase of seepage force, the cracks of the
samples continued to expand to form faults, causing the
samples to move from the fault as a whole ﬂoating. It can
be found from the relationship curve that the permeability
coeﬃcient and ﬂow velocity will increase suddenly. The ﬂow
soil seepage failure occurred in both samples.
The third and ﬁfth groups of tailing sand samples
showed cracks on the top during the seepage process, and
ﬁne particle tailing sand continuously ﬂowed out from the
top of the samples. With further increase of the water head,
the sample cracks expanded rapidly and the seepage ﬂow
increased signiﬁcantly. Finally, the seepage was very cloudy.
It can be seen from the relationship curve between ﬂow
velocity and hydraulic gradient that the hydraulic slope
increases slightly but the velocity increases signiﬁcantly.
The relationship curve between hydraulic gradient and seepage coeﬃcient also shows the same trend. It indicates that
piping failure occurred in the samples.
As can be seen from Figure 7, when the samples reach
the critical failure, the curve begins to increase sharply, and

14

Geoﬂuids

Fractal dimension of pore distribution, Dpd

2.0
q-4

1.9

h-1
h-2

q-3

1.8

h-3
q-2

h-4

1.7

1.6

1.5
q-1
1.4
2

4

6

8

10

12

14

16

Porosity (%)
Before seepage failure experiment
After seepage failure experiment

Figure 10: Relationship between porosity and Dpd of tailing sand.

the hydraulic gradient at this turning point is the icr . The icr
of tailing sand of one to ﬁve groups are 3.15, 4.95, 4.56, 3.6,
and 3.48.
4.2. Dpd Feature Analysis of Tailing Sand. The original tailing
sand data obtained by X-ray micro-CT scan will be aﬀected
by various types of system noise and artifacts [36–38].
Micro-CT system eliminates the image system noise through
its local mean ﬁlter. Use the Avizo and VG Studio max software to remove false shadows from the image. This
improves the accuracy and reliability of the data. Finally, a
two-dimensional slice image of the tailing sand sample is
obtained, as shown in Figure 8. The low gray values correspond to pores, and the high gray values correspond to tailing sand.
CT scanning technology is used to establish the true
mesostructure of tailing sand and obtain the data of porosity, pore volume, pore equivalent diameter, and its number.
The image segmentation is performed according to the commonly used Otsu algorithm, and the void ratio obtained
from the experiment is compared to determine the optimal
segmentation threshold [39]. This method eﬀectively avoids
errors in the quantitative analysis of the mesostructure
caused by the improper selection of the threshold. Tailing
sand pore threshold segmentation is shown in Figure 9, with
red representing the pores.
The two-dimensional slice images of the tailing sand
sample after threshold segmentation are binarized, and the
pore box dimension of the tailing sand sample is calculated
by the Image J software. Three binarized images of typical
positions are taken for each sample to calculate the pore
box dimension, and the average value of the pore box

dimension is taken as the Dpd of the sample. The corresponding relationship between Dpd and porosity is shown
in Figure 10.
It can be seen from Figure 10:
(1) After the seepage failure experiment, the porosity of
the ﬁrst layer and the second layer of the tailing sand
sample increased signiﬁcantly by 13.31% and 7.05%,
and the corresponding Dpd also increased, respectively, by 0.52 and 0.12. Because the ﬁne tailing sand
particles of the ﬁrst and second layers migrate to the
skeleton structure of the third and fourth layers
along the seepage direction under the action of seepage force, the porosity increases
(2) The porosity of the third layer tailing sand only
increases by 0.74%, and there is little change in the
corresponding Dpd from 1.77 to 1.79. It is because
the ﬁne tailing sand particles in the ﬁrst and second
layers ﬂow into the third layer, and the ﬁne tailing
sand particles in their particle skeleton also migrate
to the fourth layer along the seepage direction under
the action of seepage force. However, the inﬂow of
ﬁne tailing sand particles is less than the migration
(3) The porosity of the fourth layer tailing sample after
seepage failure decreases from, and the corresponding Dpd decreases from 1.92 to 1.75. It indicates that
the ﬁne tailing sand particles from the ﬁrst layer to
the third layer migrate to the fourth layer, and the
porosity of the fourth layer tailing sand decreases
signiﬁcantly

Geoﬂuids

15

(a)

(b)

(c)

(d)

(e)

(f)

Figure 11: Continued.
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(g)
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Figure 11: Three-dimensional graphics of pores with diﬀerent pore sizes of q-1: (a) 9 μm-18 μm; (b) 18 μm-36 μm; (c) 36 μm-72 μm; (d)
72 μm-144 μm; (e) 144 μm-288 μm; (f) 288 μm-576 μm; (g) >576 μm; (h) >9 μm.

(4) The Dpd and porosity show a relatively obvious positive correlation. When the porosity increases, the
Dpd increases, indicating that the larger the pore distribution area is, the more loose the tailing particles
are; when the porosity decreases, the Dpd decreases
correspondingly, indicating that the smaller pore
distribution area is, the closer the tailing sand particles are. The Dpd of tailing sand characterizes the
changed feature of pore distribution
4.3. Dps Feature Analysis of Tailing Sand. The pore size distribution of tailing sample is obtained through the label analysis and analysis ﬁlter analysis modules in the Avizo 3D
visualization software. Surface view module is used to display the pores after threshold segmentation. Topological triangular connection is carried out by generating tetra grid,
and then, label analysis is used to identify the boundaries
of single pores and mark them to generate pore space marking images. Finally, the pore size is classiﬁed and extracted
by the analysis ﬁlter module. Figure 11 shows the distribution of pores with diﬀerent pore sizes in layer q-1.
According to the diﬀerent pore sizes and their numbers
of all tailing sand samples, using formula (2) to calculate
Dps , the relationship between Dps and porosity before and
after the tailing sand seepage failure is shown in Figure 12.
The results show the following: before the tailing sand seepage failure, the porosity of the ﬁrst to fourth layers increases
from 2.03% to 12.4%, and the corresponding Dps increases
from 1.25 to 1.58. After the tailing sand seepage failure, the
porosity of the ﬁrst and second layers increases to 15.34%
and 12.96%, and the corresponding Dps increases to 1.81
and 1.60. The porosity of the third layer only increased by
0.74%, and the corresponding Dps did not change much.
The porosity of the fourth layer decreases clearly, and so
does the Dps . Interestingly, before the seepage failure experiment, the porosity of the fourth layer did not increase

sharply, but the Dps increases sharply. It shows that the uniformity of pore size of tailing sand in the fourth layer
decreases, and the size diﬀerence between pores is great.
Dps shows a positive correlation with porosity before and
after tailing sand seepage failure, and Dps is closely related
to the uniformity of pore size. Dps reﬂects the variation characteristics of pore number distribution with diﬀerent pore
sizes.
4.4. Dm Feature Analysis of Tailing Sand Seepage. The relationship between the Dm of tailing sand of each group and
the particle size structure of tailing sand, average permeability coeﬃcient, and icr is shown in Table 3.
Comparing the Dm and particle size structure of tailing
sand, we ﬁnd that
(1) With the increase of the Dm of tailing samples, the
Cu reﬂecting the characteristics of particle size tends
to increase, because the Dm characterizes the gradual
accumulation of tailing sand particles. The larger Dm
is, the more particles are accumulated step by step in
a certain volume of soil, the slower the particle separation curve is, the higher particle nonuniformity is,
and the larger the C u value is
(2) The ﬁrst group and the second group of tailing sand
are relatively similar in ﬁne particle content, and the
particle size curve is diﬀerent while maintaining the
same dry density. When the Dm of the tailing sand
sample is larger, the limiting particle size d 60 of the
sample tends to increase, k increases, and the icr for
seepage failure decreases. Because with the increase
of the Dm , the content of particles smaller than a certain particle size decreases, the average permeability
coeﬃcient increases, and the icr decreases. The comparison between the third group and the fourth
group of tailing sand sample also shows that when
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Figure 12: Relationship between Dps and porosity of tailing sand.
Table 3: Comparison table of Dm and particle size structure of tailing sand.
Groups

d60 (μm)

Cu

Cc

icr

Average permeability coeﬃcient, k (10-4 cm·s-1)

Dm

First
Second
Third
Fourth
Fifth

147.96
137.96
106.85
61.58
136.03

3.14
2.92
3.50
3.06
3.42

1.01
0.63
1.23
1.15
1.15

3.15
4.95
4.56
3.6
3.48

8.09
3.35
2.27
1.62
4.56

1.7498
1.6472
1.8256
1.7007
1.7805

the Dm increases, the d60 and Cu of tailing sand samples tend to increase
(3) In fact, the Dm of tailing sand mainly reﬂects the
change rule parameter of the cumulative content of
particles smaller than a certain size. When the Dm
is large, it means that the cumulative content of particles smaller than a certain size decreases. Particle
distribution curve will be relatively ﬂat, and the Cu
of tailing sand tends to increase. Therefore, the Dm
can be regarded as a parameter to characterize the
structure of tailing sand. Dm reﬂects the relationship
between the internal structural characteristics of tailing sand and parameters such as particle distribution
curve, permeability, and C u . Dm aﬀects the seepage
failure characteristics of tailing sand
The relationship between Dm and icr of the tailing sand
sample is shown in Figure 13. The Dm of tailing sand has a
signiﬁcant quadratic function relationship with the icr . On
the left side of the image, with the increase of the Dm , the
nonuniformity of the tailing sand sample increases, and the
nonuniformity of the particle distribution will aﬀect the permeability, leading to the icr decrease. On the right side of the

image, with the increase of the Dm , the Cu of tailing sand further increases. However, the bite force between the tailing
sand particles gradually increased, the permeability of the
tailing sand samples weakened, the permeability coeﬃcient
decreased, and the icr increased accordingly.

5. Discussions
The seepage failure of ﬁne-grained tailing sand is due to the
migration of ﬁne particles, which changes the pore characteristics and reduces the structure of the tailing sand. Dpd
and Dps provide suitable mathematical tools for analyzing
the changes in the pore structure of tailing sand during seepage failure [40]. Dpd and Dps can reﬂect the inﬂuence law of
particle migration on the pore structure during the seepage
failure of tailing sand. The Dpd can quantitatively characterize the pore distribution characteristics of tailing sand. The
Dps can quantitatively characterize the pore number distribution characteristics of tailing sand with diﬀerent pore
sizes. Dpd and Dps gradually decrease along the seepage
direction, because the ﬁne particles of tailing sand migrate
along the seepage direction during seepage failure. Thus,
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Figure 13: Relationship curve between Dm and icr .
Table 4: Comparison of seepage failure type with diﬀerent judgment methods.
Groups

Experimental results

Cu method

Pore diameter and ﬁne particle
diameter comparison method

Fine particle content method

Dm method

First
Second
Third
Fourth
Fifth

Transitional
Flow soil
Piping
Flow soil
Piping

Flow soil
Flow soil
Flow soil
Flow soil
Flow soil

Piping
Flow soil
Flow soil
Flow soil
Flow soil

Piping
Flow soil
Piping
Flow soil
Transitional

Flow soil
Flow soil
Piping
Flow soil
Piping

the porosity gradually decreases, and the heterogeneity of
pore size gradually decreases. Dpd and Dps provide new ideas
to prevent tailing sand seepage failure. Some studies show that
adding ﬂocculants to the tailing slurry changes the structure of
settling particles and improves the permeability of tailing sand.
It also increases Dpd and Dps correspondingly, thus improving
the safety and stability of the tailing dam [41, 42].
According to Figure 13, the general functional expression of tailing sand icr and Dm is as follows:
icr = AðDm − Dm0 Þ2 + B,

ð11Þ

where Dm0 is the critical mass fractal dimension for the
variation of seepage failure type of tailing sand; A and B
are the structural parameters of the tailing sand, which are
related to the particle size and gradation of the tailing sand.
When Dm < Dm0 , the nonuniformity of tailing sand
increases with the increase of Dm at the same dry density.
However, the C u is small, which weakens the bite force
between the particles, and the icr is reduced. At the same
time, due to the high density of the tailing sand, the small
porosity, and pore diameter, the ﬁne tailing sand particles
cannot quickly pass through the pores formed by the coarse
particles, so it is easy to occur ﬂow soil failure.

When Dm > Dm0 , the nonuniformity of tailing sand further increases with the increase of Dm at the same dry density. The bite force between the particles gradually
increased, and the icr gradually increased. However, the pore
sizes formed between the coarse particles also increase, the
ﬁne particles pass through the pores of coarse particles more
easily, and the tailing sand is prone to piping failure.
The Dm judgment method is compared with the experimental phenomenon and the traditional seepage failure type
judgment method, such as the C u method, pore diameter
and ﬁne particle diameter comparison method, and ﬁne particle content method. The results are shown in Table 4.
Comparing diﬀerent discriminant methods, it is found
that the discriminant results of several discriminant methods
are basically consistent with the experimental results.
Among them, the discriminant method of ﬁne particle content method and Dm method is the most accurate, which
veriﬁes the reliability of the Dm method in judging the type
of seepage failure. However, there are diﬀerences between
the two discriminant methods for the ﬁrst group of samples,
which is consistent with the fact that this group of samples is
in transitional failure. In practical applications, the Dm
method can be mutually veriﬁed with the ﬁne particle content method, which can improve the accuracy of the identiﬁcation of the tailing sand seepage failure type.
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6. Conclusions
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(1) Before and after the seepage failure experiment, the
Dpd and porosity show a relatively obvious positive
correlation. The ﬁne tailing sand particles migrate
and ﬂow along the seepage direction under the
action of seepage force, which changes the skeleton
of the tailing sand particles. When the porosity of
tailing sand increases, the Dpd increases accordingly.
The larger the distribution area of the pores, the
looser the tailing sand particles. When the porosity
decreases, the Dpd decreases correspondingly, which
means that the smaller the distribution area of the
pores, the closer the tailing sand particles. The Dpd
of tailing sand characterizes the changed feature of
pore distribution
(2) Before and after tailing sand seepage failure, the Dps
and porosity show a positive correlation. When the
porosity increases, the Dps increases. When the
porosity decreases, the Dps decreases correspondingly. The Dps reﬂects the variation characteristics
of pore number distribution with diﬀerent pore sizes
(3) The Dm of tailing sand mainly reﬂects the change
rule parameter of the cumulative content of particles
smaller than a certain size. Therefore, the Dm can be
regarded as a parameter to characterize the structure
of tailing sand, which reﬂects the relationship
between the internal structural characteristics of tailing sand and parameters such as particle distribution
curve, C u , and average permeability coeﬃcient
(4) The Dm of tailing sand and the icr present a signiﬁcant quadratic function relationship. According to
the relationship between the Dm and the critical mass
fractal dimension (Dm0 ), the seepage failure type of
ﬁne-grained tailing sand can be distinguished. When
Dm < Dm0 , the tailing sand is prone to ﬂow soil type
seepage failure, while when Dm > Dm0 , the tailing
sand is prone to piping type seepage failure. The
Dm discrimination method is compared with the
experimental phenomenon and the traditional discrimination method of seepage failure type, which
veriﬁes the accuracy of Dm discrimination of tailing
sand seepage failure type. The Dm method has a certain reference signiﬁcance for the treatment of the
seepage failure of the tailing dam
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