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Abstract

The physical and mechanical properties of the dielectric materials mainly depend on shapes of particles in granular media. In
order to reveal the differences of physical and mechanical properties between tailings and natural sands from the microscopic
view, the usage of digital image processing techniques contributes to the quantification of shape descriptors (elongation, sphe-
ricity, convexity, and roughness) describing the shapes of particles. The comparison between four tailings (gold, tin, copper, and
iron) and two natural sands (river sand and sea sand) is made in the current study. Results show that particle shape descriptors
have great relationship with particle size. The decrement of particle size, on one hand, leads to the increase of the elongation of
tailings and sea sand, and thus forming the needle-like or columnar shape of particles. The sphericity of tailings and river sand
also increases and generates spherical shapes of particles. On the other hand, both of the convexity and roughness of tailings and
sea sand grow with larger particle size. The remarkable difference can be observed on surface texture of particles between tailings

and sea sand. Much higher angularity of tailings is also represented by comparing with that of sea sand and river sand.
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Introduction

When loaded, granular materials consisting of individual par-
ticles interact with each other to resist the applied loading
(Yang and Luo 2015). Typical granular materials in nature
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include rockfill, debris flow, and soil (Sun and Wang 2009).
As far as granular materials are concerned, particle shape is
probably as important as the particle size to describe particle
characteristics (Das 2009; Ulusoy et al. 2003). Thus, the par-
ticle shape could also affect the physical and mechanical prop-
erties, including internal friction angle (Shinohara et al. 2000;
Thomas and Prakash 2017; Chan and Page 1997), effective
modulus and yield stress (Athanassiadis et al. 2014), small-
strain shear modulus (Payan et al. 2016), shear band width
(Zhuang et al. 2014), sintering behavior (Cutler and
Henrichsen 2010), flow and packing behavior (Chan and
Page 1997; Zou and Yu 1996; Carnavas and Page 1994),
and hydraulic conductivity characteristics (Goktepe and
Sezer 2010; Garcia et al. 2009). Hence, it is very beneficial
to carry out analyses of the effect of particle shape.

Individual particles are manifested as irregular polygons
that appear differently when analyzed in a two-dimensional
plane (Tu and Wang 2004). Although the shape of particles
is inherently a three-dimensional attribute, the collection of
accurate data in three dimensions is considered problemat-
ic (Hentschel and Page 2003). Numerous studies have in-
vestigated the particle shape using two-dimensional image
analysis technology and these methods have proven useful
in describing particle shape (Hentschel and Page 2003;
Persson 1998).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-05974-6&domain=pdf
mailto:yyh369@cqu.edu.cn
mailto:weiza@cqu.edu.cn

26398

Environ Sci Pollut Res (2019) 26:26397-26403

Particle shape is defined as “the envelope formed by all the
points on the surface of the particle” (ISO 9276-6 2008). It
could variously be described as a sphere, similar round, poly-
gon, irregular, dendritic, fibrous and vesicular, etc. However,
this type of description is solely a qualitative analysis. With
the rapid development of image processing technology, the
geometry of irregular particles can be quantified using various
shape descriptors in the two-dimensional plane. For example,
the elongation properties of the particles can be reflected by
the aspect ratio or the extent of elongation. Sphericity is used
to quantify the degree of similarity between a particle and a
sphere. Convexity is closely related to angularity, and could be
taken as a measurement of angularity. Roughness is used to
characterize the fluctuation of the projected outline of particles
(Yang and Luo 2015; Ulusoy et al. 2003; Hentschel and Page
2003; Rodriguez et al. 2012; Altuhafi et al. 2013; Mora and
Kwan 2000; Liu et al. 2011).

Tailings are byproducts of mineral processing. The extrac-
tion of minerals from ore requires comminution. Therefore,
tailings are also a type of granular material. Large-scale min-
ing and mineral processing inevitably generates very large
volumes of tailings worldwide (Yang et al. 2016). Most tail-
ings are stored in surface tailings impoundments.
Furthermore, statistics show that more than 12,000 tailings
storage facilities have been constructed in China up to 2009
(Wei et al. 2013). Tailings pond failures may result in severe
and sometimes catastrophic consequences (Rico et al. 2008a,
b; Dixon-Hardy and Engels 2007). Therefore, the mining in-
dustry is paying more and more attention to the utilization of
tailings as substitutes for natural sands in practice. For in-
stance, Wang et al. (2016), Zheng et al. (2015), and Yang
et al. (2014) evaluated the feasibility of utilizing tailings for
production of construction materials. Li et al. (2009) discussed
the feasibility of producing forsterite refractory which used
tailings as raw materials. In view of the physical and mechan-
ical properties that are influenced by the particle shape having
a potentially significant impact on the stability of tailings dam
and other tailings related products, a study focusing on the
particle shape of tailings is necessary to improve the storage
and utilization of tailings in practice.

Tailings, which may often be considered as an artificial
sand, differ from natural sands in shape. Recently, some ex-
periments have been conducted to study the particle shape of
natural sands (Yang and Luo 2015; Ulusoy et al. 2003).
However, few publications on the particle shape of tailings
are available. From the perspective of building materials,
Wen et al. (2013) and Yin et al. (2011) studied the particle
morphology and microstructure of sea sand, river sand,
manufactured sand, and tailings sand. They found that the
roundness of manufactured sand is the lowest, followed by
tailings, and the manufactured sand and tailings sand show
higher angularity and surface roughness than the other two
sands.
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In this paper, the particle shape of four tailings (gold, tin,
copper, and iron) is studied using digital image processing
technologies. Moreover, river sand and sea sand are selected
as control materials to highlight the differences between tail-
ings and natural sands. The experimental studies contribute to
the establishment of a more fundamental understanding about
tailings at the micro-level, and also provide basic data for
exploring the differences in physical and mechanical proper-
ties of tailings and natural sands.

Experimental
Materials

Four tailings (gold, tin, copper, and iron) and two natural
sands (river sand and sea sand) were selected in this study.
Among them, four tailings (gold, tin, copper, and iron) were
provided by Heqingbeiya Mining Co., Ltd. (Yunnan province,
China); Yunnan Tin Group (Holding) Co., Ltd. (Yunnan prov-
ince, China); Liangshan Mining Co., Ltd. (Sichuan province,
China); and Lincang Mining Co., Ltd. (Yunnan province,
China), respectively. And the river sand for building and sea
sand were sampled respectively from Chongqing and
Qingdao in China. It should be mentioned that the gold tail-
ings, tin tailings, and copper tailings were byproducts of flo-
tation, and the iron tailings were byproducts of magnetic sep-
aration and gravity separation.

Soil particles are divided into five classes, which are gravel
particle, sand particle, silt particle, clay particle, and colloidal
particle in terms of particle size (Chen et al. 1994). Among
them, the sand particles are divided into very fine sand (parti-
cle sizes in 0.05-0.1 mm), fine sand (particle sizes in 0.1-0.25
mm), medium sand (particle sizes in 0.25-0.5 mm), and
coarse sand (particle sizes in 0.5-2 mm). The fine sand, me-
dium sand, and coarse sand were selected as the research
objects. However, the very fine sand was excluded because
it belongs to fine soil. In order to obtain a single particle, the
test materials were sieved with different pore sizes, rinsed with
water, and dried in the drying oven.

Test scheme and equipment

Based on the literature review on particle shape, the elonga-
tion, sphericity, convexity, and roughness were selected to
quantify the shape of particles. And those particle shape de-
scriptors were analyzed by image processing techniques.
Table 1 represents the test schemes.

The particle digital images were captured by XPV-909E
transreflective polarizing microscope and processed by
Image] software. The Image] software is an open-source im-
age processing software based on Java language, and the func-
tion of software can be extended through plugins. The surface
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Table 1 Test schemes
Research materials  Particle size(mm) Shape Particle number
descriptors

Gold tailings, tin ~ 0.1-0.25 (fine Elongation, More than 100
tailings, copper sand), sphericity, particles in
tailings, iron 0.25-0.5 convexity, each particle
tailings, sea (medium and size range of
sand, river sand sand), 0.5-2.0 roughness each material

(coarse sand)

texture of particles was observed by the TESCAN VEGA 11
LMU scanning electron microscopy.

Image analysis

Figure 1 shows the processing flow of particle image. In order
to improve the image fidelity during the image processing
process, firstly, the particle shape descriptors were stored as
an array of pixels. Subsequently, the image was dimensioned
using a micrometer with a precision of 10 um to calculate the
calibration factor which represents the actual size of each pixel
in the digital image. Finally, the particle shape descriptors
representing the actual size were calculated through calibra-
tion factor.

Description of particle shape

According to a comprehensive analysis of existing data of
particles, a number of basic measurements of particles size
were obtained from image analysis. Table 2 presents the phys-
ical meaning of those basic measurements. And the schematic
diagrams of those basic measurements are shown in Fig. 2.
Those basic measurements were used to form the shape de-
scriptors through the mathematical operation. Particle shape
characteristics could be described in terms of shape descrip-
tors from four aspects. Four shape descriptors, namely, elon-
gation, sphericity, convexity, and roughness can be deter-
mined by Egs. (1)—(4). Elongation reflects the elongation
properties. The degree of similarity between a particle and a
sphere is determined by sphericity. Convexity and roughness
indicate the angularity and the fluctuation of projected outline
of particles, respectively.

Results and analysis
Relation between shape descriptors and particle size

For fine sand, medium sand, and coarse sand of research ma-
terials (four kinds of tailings and two kinds of natural sands),
the elongation, sphericity, convexity, and roughness were sta-
tistically analyzed. The variation law of shape descriptors with
particle size was studied. And the similarities and differences
of particle shape between tailings and natural sands were also
compared.

Variation law of elongation

The elongation can reflect the elongation properties of parti-
cles. The greater elongation leads to the generation of needle
or columnar shaped particles. As shown in Fig. 3, the elonga-
tion of tailings decreases with the increment of the particle
size, meaning that the shape of tailings tends to be needle-
like or columnar with the decreases of particle size. The elon-
gation of sea sand shows a similar pattern of variation law. For
the river sand, the elongation of fine sand and coarse sand is
larger than the elongation of medium particles. It indicates that
the particle shape of fine sand and coarse sand tends to be
needle-like or columnar.

Variation law of sphericity

Sphericity is the ratio between the perimeter of circle with the
same area as particle outline and the particle perimeter. And it
can quantify the degree of similarity between a particle and a
sphere. The particle shape tends to be more sphere with larger
sphericity. The variation law of sphericity of research mate-
rials is represented in Fig. 4. It indicates that the sphericity of
tailings decreases with the increases of particle size, meaning
that tailings tend to spherical shapes with the decrement of
particle size. The sphericity of river sand shows a similar
pattern of variation law. However, the sphericity of sea sand
shows a reverse pattern of variation law. The sphericity of sea
sand increases as the particle size grows; hence, the sea sand
tends to form spherical shapes when the particle size grows
large.

Variation law of convexity

Elongation : ¢ = Fiax/ Frin (1)
Sphericity : R = /475, /P, (2)  Convexity is the ratio between the particle area and the area of
Convexity : C = S1/S, 3) the convex hull. And it can characterize the angularity of par-
5 ticles. The maximum value of the convexity is 1. If the angu-
Roughness : r = (P1/P») (4) larity of particles is prominent, the value of convexity will be
Fig. 1 Digital image process Digital -, Tmage Tmage Edge Particle
image enhancement binarization calibration [ | shape analysis
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Table 2 Image measurements for

calculation of two-dimensional Measurement

Method of measurement

shape descriptors
Particle area, S;

Particle perimeter, P,
Maximum Feret diameter, Fi.x
Minimum Feret diameter, Fp;,
Convex hull area, S,

Convex hull perimeter, P,

Equivalent diameter, d

Area of the particle outline
Perimeter of the particle outline
Maximum distance between two tangents on opposite sides of the particle

Minimum distance between two tangents on opposite sides of the particle

Area of the convex hull

Perimeter of the convex hull

Diameter of a circle with an area equal to that of the particle outline

small. As shown in Fig. 5, the convexity of tailings increases
with the increases of particle size, which indicates that the
angularity of tailings decreases with the increases of particle
size. The convexity of sea sand shows a similar pattern of
variation law. The convexity of river sand increases firstly
and then decreases with the increases of particle size.

Variation law of roughness

Roughness is used to characterize the fluctuation of projected
outline of particles through the difference between the particle
perimeter and the perimeter of convex hull. The larger rough-
ness generates greater fluctuation of projected outline of par-
ticles. The variation law of roughness of research materials is
shown in Fig. 6. The roughness of tailings increases with the
increases of particle size. The roughness of sea sand and river
sand shows a similar pattern of variation law.

Analysis of surface texture

For fine sand, medium sand, and coarse sand of copper tail-
ings and sea sand, the similarities and differences of the sur-
face texture among them are studied by scanning electron
microscopy. The magnification of the particle images is 300
times and 2000 times, respectively.

Projected outline of particles
(Area S;, Perimeter P;)

F,

min

Circle with area equal to
projected particle area

Convex hull
(Area S,, Perimeter P,)

Fig. 2 Basic measurements of particle
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Figure 7 shows that the difference of surface texture be-
tween the tailings particles and sea sand particles is very ob-
vious. For the particle images which are magnified 300 times,
the copper tailings particles show more angularity and the
surface of particles is scaly. On the contrary, the surface of
sea sand particles is smooth. For the particle images which
are magnified 2000 times, the surface of copper tailings par-
ticles fluctuates greatly and has obvious local layered struc-
ture. The surface of the sea sand particles also fluctuates.
Nevertheless, the fluctuation of surface is lower than that of
the tailings particles. Furthermore, the sea sand particles also
have corrosion pits.

Similarities and differences of particle shape
analysis

During mineral processing, tailings are one of the prod-
ucts of separation operation. The tailings are excluded
from the concentration plant, and then pumped into the
tailings pond by hydraulic transportation. During the
transportation process, the change of tailings particle
shape is limited due to the short transportation distance.
Thus, the shape of tailings particles is primarily deter-
mined by the progress of grinding and coarse crushing.
The influence of the crushing process and grinding pro-
cess has the same role on the particle size. However, the
grinding process plays a dominant role on the particle
shape.

During the grinding process, the action mode applied to the
particles could be divided into impacting and pressing action,
cutting action, and grinding action (Wills and Napier-Munn
2006). The particles are subjected to difference action mode.
Thus, the failure models are different. The failure model of
particles could be divided into rupture, crush, and grind, re-
spectively. Figure 8 represents the failure model of particles
(Guyon and Troadec 1994). Rupture can break one particle
into multiple particles with varying sizes. Crush and grind can
make the small particles separated from the surface of large
particle. However, the particle size of particles generated from
grinding action is smaller than the particle size of particles
generated from crushing.
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Fig. 3 Variation law of
elongation

At the beginning of the grinding process, the destruc-
tion is extended along the internal cracks of ore. This
gives rise to more angularities and the shape is rough
and sharp in tailings particles. For angular tailings parti-
cles, the prominent angular will be smoothed during the
grinding process. The particle angular increases with the
particle size. The larger the size of the particle, the more
prone to be broken. Thus, the angularity of tailings de-
creases with the increases of the particle size. For strip
tailings particles, the smaller the size of the strip particles,
the harder it is to break. So, the shape of tailings tends to
be needle-like or columnar with the decreases of the par-
ticle size.

Comparing the tailings with natural sands washed by
water for a long time or rubbed by self-rolling, the pro-
portion of round particles of tailings is smaller. The angu-
larity of tailings particles is higher than that of the natural
sand particles generally. For different mineral types of
tailings (such as gold tailings, copper tailings, and iron

0.88 -
* *
0.87 |
s . Gold Tailings

. Tin Tailings
0.86 |- s+ —— Copper Tailings

v — Iron Tailings

¢ — Sea Sand

River Sand
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Fig. 4 Variation law of sphericity
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1.40 | * \°
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tailings), the mineral composition of ores, the strength of
rock, etc. can also result in different shapes of tailings
particles.

Conclusions

Based on digital image processing technologies, the elonga-
tion, sphericity, convexity, and roughness were selected to
quantify the particle shape of tailings and natural sands. The
surface texture of particles was also observed. The following
conclusions could be drawn:

(1) The elongation of tailings decreases with the increment
of the particle size, which means the shape of tailings
tends to be needle-like or columnar with the decreases
of particle size. The elongation of sea sand shows a sim-
ilar pattern of variation law. For the river sand, the

0.97 -
= —*— Gold Tailings
¢ * — Tin Tailings
4 —— Copper Tailings
0.96 v Iron Tailings
¢ — Sea Sand
River Sand
*
2
£ -
o5} —
Z
(=}
3 .
0.94 -4
093 1 1 1 1 J
0.1 0.3 0.5 0.7 0.9 1.1

Partical size(mm)

Fig. 5 Variation law of convexity
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Partical size(mm)

Variation law of roughness

elongation of fine sand and coarse sand is larger than that
of medium particles. It indicates that the particle shape of
fine sand and coarse sand tends to be needle-like or
columnar.

The sphericity of tailings decreases with the increases of
particle size, which means tailings tend to form spherical
shapes with the decrement of particle size. The sphericity
of river sand shows a similar pattern of variation law.

(€)

4

4
~t
%z0

(a) Rupture

(b) Crush
Fig. 8 Failure model of particles a Rupture, b Crush, ¢ Grind

(c¢) Grind

However, the sphericity of sea sand increases as the par-
ticle size grows.

The convexity of tailings increases with the increases of
particle size, which indicates that the angularity of tail-
ings decreases with the increases of particle size. The
convexity of sea sand shows a similar pattern of variation
law. The convexity of river sand increases firstly and
then decreases with the increases of particle size.

The roughness of tailings increases with the increases of
particle size. The roughness of sea sand and river sand
shows a similar pattern of variation law.

Particle Copper tailings

Sea sand

300X

size

300X

0.5

2.0
(mm)

2000 X

0.25

0.5
(mm)

0.1

0.25
(mm)

Surface texture of particles
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(5) The surface of tailings particles is scaly and fluctuates
greatly. The surface of the sea sand particles is relatively
smooth.
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