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Experiment research and
mechanism analysis on
rheological properties of tailings
slurry

Zhiliu Wang'*, Linlin Chen? and Mengxin Hu'!

School of Civil Engineering and Architecture, Zhongyuan University of Technology, Zhengzhou,
China, 2Gengcun Coal Mine, Yi Ma Coal Industry Group, Mianchi, China

The particle size and content of tailings are important parameters affecting the
rheological properties of tailings slurry. To explore their influence law and
mechanism on rheological properties, the experiments of tailings slurry were
designed and carried out under different particle sizes and content conditions.
The rheological properties of the tailings slurry were quantified in the paper. The
Bingham body model was used in the texperiment. The "double 30" theory
("particle size of 30.0 um” and “content of 30%") was proposed and expounded.
The corresponding theoretical model is established to analyze the mechanism
of the above results. The conclusion is as follows. The tailings slurry agreeed to
different rheological models with different particle size and content. The
rheological behavior of the tailings slurry conforms to the Herschel-Bulkley
model for the tailings, whose particle size is no larger than 30.0 um and content
is no larger than 30%. With the increase of the content of fine tailings, its
behavior agrees better with the Bingham model. The yield stress and viscosity of
tailings slurry in the process of transportation are in accordance with the laws of
“double 30" theory. “Particle size of 30.0 ym” and “content of 30%" is the critical
point of rheological characteristics of tailings. Based on the obtained results, the
corresponding theoretical model was established to discuss the mechanism.
The rheological laws of tailings slurry can provide theoretical guidance for
reducing pressure and preventing pipeline wear in the process of tailings
cementation discharge and pipeline transportation in an iron mine.

KEYWORDS

rheological properties, yield stress, viscosity, rheological model, double 30 theory

Introduction

Mineral resources excavation contributes significantly to the world economy
andmany industries depend on the provision of raw materials by it (Si et al., 2021a;
Si et al,, 2021b; Li et al,, 2022a; Zhang et al.,, 2022). With the increase of mining depth,
more and more waste tailings are produced (Liu et al., 2020; Ruan et al., 2021). Statistics
show that every 10,000 tons of ore mined will produce 9,300 tons of tailings and 3,400 tons
of waste rock (Yan et al., 2022), which not only has serious security hidden dangers, but
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also destroys the environment and the ecology seriously (Small
et al,, 2015; Falagdn et al,, 2016; Li et al., 2022b). In order to
protect the ecological environment and make rational use of
resources (Aldhafeeri and Fall 2017), tailings backfilling in mines
has become an important method of tailings disposal and has
extensive application prospect (Cao et al., 2018; Li et al., 2022¢;
Zheng et al., 2022; Ouattara et al., 2017161).

Cemented paste backfill (CPB) technology has become an
effective way of backfill method to solve solid waste in mines, and
received more attention in mining practices around the world
(Fang and Fall 2018; Liu et al., 2018; Mangane et al., 2018; Qi
et al,, 2019). It is an engineered combination of tailings, cement
and mixing water, which can be transported to underground
stopes by pumping or gravity. The cementation discharge and
pipeline transport of tailings slurry is an important challenge for
CPB technology (Qi et al,, 2018; Liu et al.,, 2019; Chen et al,
2020). It is important to determine the reasonable slurry
concentration, cement-sand ratio and pipeline transportation
parameters to ensure the efficient and stable operation of
pipeline discharge system. Especially for high concentration
slurry, the rheological properties of slurry become the key
factor for stable and reliable operation of the system. If the
liquidity of the paste is too poor, it will lead to pipe blocking
accidents, which will seriously affect the mine’s productivity. It is
the
simultaneously to investigating the rheological properties and

intended to  solve above-mentioned  challenges
mechanism of tailings slurry.

Long-term backfill research and practice show that the
strength of backfill is positively correlated with cement-sand
ratio, slurry mass fraction and curing age in a certain range.
There are plenty of works dealt with the different key
characteristics and multiscale behavior of cemented tailings/
paste backfill with different mineral additives (Li et al., 2020;
Cavusoglu et al., 2021; Kasap et al, 2022; Sari et al.,, 2022).
However, with the increase of cement addition and slurry mass
fraction, the fluidity of slurry will become worse (Wu et al., 2020;
Wu et al., 2021). Currently, numerous scientists are conducting
experimental studies on the rheological properties of pastes.
Cheng (Cheng et al., 2020a) found that the tailing particle size
significantly affects the cemented paste rheological properties.
Roshan (Roshani and Fall 2020) evaluate the silica mechanism on
early yield stress and viscosity of CPB. The fluidity of CTWB
paste is generally characterized by the yield stress and viscosity in
fluid mechanics (Wu and Cai, 2015; Deng et al., 2018). (Zhang
and Qiao, 2015) concluded that the effect of cement-sand ratio
and mass fraction on slurry yield stress was more significant
through the rheological experiment of high-mass fraction slurry
of waste rock tailing. The influencing factors of slurry rheological
characteristics were studied (Xu et al., 2016; Long et al., 2017), the
results showed that the content of fine particles was an important
factor affecting the rheological characteristics of slurry. The
minimum viscosity would appear when the ratio of coarse
and fine particles decreased. To evaluate the rheological
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properties of tailings, many scholars have extensively
conducted a large amount of work on the rheological
characteristics of tailings through changing the experimental
method, such as studies on the effect of the installation angle
of mixing blade (Yin et al., 2010), blade resistance, and stirring
method (Hale Micah et al., 2009; Just and Middendorf, 2009).
Some scholars also study the rheological characteristics of tailings
by means of numerical simulation (Bouvet et al.,, 2010; Lei et al.,
2017; Rakotondrandisa et al, 2019). Computational fluid
dynamics (CFD) simulations have become a trend in pipeline
transportation and rheological characteristics of tailings research.
Zhang (Zhang et al., 2015) developed a two-dimensional pipeline
model for long distances and found that the necessary condition
for self-flow transport is that the pressure value generated by
gravity is greater than the pressure drop. Cheng (Cheng et al,
2020b) used CFD to investigate the effect of time and tem-
perature on paste transport characteristics.

Especially for high concentration tailings slurry, quantifying
the

characteristics and laws is helpful to optimize pipeline

influence of particles and content on rheological
transport parameters and reduce pipeline resistance loss. It
provides the basis for the design and operation of tailings
cementation discharge system. However, the research on
quantifing  rheological  characteristics and  transport
performance of consolidated slurry is relatively insufficient.

To solve the existing problems above effectively and reduce the
transportation costs of tailings, the quantitative laws and effects of
particle size and content on the rheological properties of tailings
slurry should be determined and the rheological models for different
particle size and content should be studied. And the mechanism of
the above-mentioned rheological law need be further elucidated
based on the particle structure and mechanical properties. The
experiments were carried out and the mechanism are analyzed on
rheological properties of tailings slurry in the work. Tailings slurry
was preparated by mixing fine tailings and whole tailings. Based on
the test and the rheology principles, the rheological parameters such
as yield stress and viscosity of slurry are obtained. And the consilient
rheology model for the tailings slurry is determined for different
content conditions by rheological test of tailings slurry. The
quantified rheological laws of “double 30” theory (“particle size of
30.0 pm” and “content of 30%") were proposed and expounded. The
results make contribution to obtaining transportation parameters of
tailings and further rheological properties research. The research
above is beneficial to reduce pipe friction and transportation costs in

the transportation proce.

Rheological test of tailings
Test materials and instruments

An iron ore is located in the west of Anhui Province, China
with an anual production of five million t/a. New technology of
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TABLE 1 Chemical constituents of the whole tailings (%).
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2.413 3.849 82.052 2.461
Computer system
FIGURE 1

RheolabQC rheometer.

tailing cementation and discharge is applied and the whole
The
increased

tailings are discharged to surface. complicated

process the
transportation difficulty of high density paste, and the

concentration  dehydration
transportation conditions of high density paste are rigorous.
The great friction resistance is generated in the transportation
process of tailings, which is harmful to tailings transportation.
Pressurized transporation is required and it will increase
transportation costs for tailings.

Tailings from the iron mine are used as test material which
have the characteristics of more fine particle size content and
poorly gradation. The initial solid content of the tailings brought
to the laboratory from the mine site is 74%. Varigrained tailings
are mixed with the whole tailings in the test and chemical
properties of tailings slury are studied including the chemical
constituents of the whole tailings and the content. The measured
results of chemical constituents and their contents are shown in
Table.1.

The factors affecting the rheological properties of tailings
slury are very complicated. The parameters, such as slurry
concentration, particle size, and fine tailings content, were
considered during testing. RheolabQC rheometer was used to
determine the rheological parameters of tailings in this paper. It
has the advantages of strong performance and simple operation,
and can test rheological parameters of various fluids. The rotating
speed ranges from 0.01 to 1500 1/min. Torque range is from
0.25 to 75 mN m; The shear stress ranges from 0.5 to 30 kPa. The
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Tailings slurry

viscosity ranges from 1 to 1000 MPas; The temperature range is
from -20-180°C; The shear rate ranges from 0.01 to 4000 1/s. The
angular displacement accuracy is 2 rad. The Reynolds number of
laminar flow to turbulent flow is much larger than that of high
concentration mortar pipeline transportation. In addition, the
mortar itself has a strong internal structure. Combined with the
rheological theory, the Bingham body model was used in the
texperiment. The experimental equipment is shown in Figure 1.
Blade rotor was used to stir tailings and the room-temperature
was 25°C. In addition, measuring cylinder (500 ml), general
utility balance (1000 g), and beakers were also used.

Designation of tailings physical
parameters

In this experiment, the ball mill was used to grind the large
particles of tailings, and the milling time was set to 30's, 2 min
5min, 10 min, 20 min, and 40 min, respectively. The large
particles of tailings were grinded based on the ball milling
time above.

The physical parameters of tailings are shown in Table.2. The
Particle size distribution is in Figure 2. The curves of the weighted
average of particle size versus mass for different particle diameter
is shown in Figure 3 And in the Figure. The characteristic values
of particle composition for whole tailings are as follows.
dy0=54.27 pm, d3p=135.32pm, dgo =200.79 um, and the
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TABLE 2 Physical parameters of tailings.

Tailings dqo/um dso/um D (4,3)/pum
1(Poorly gradated tailings) 54.40 178.28 168.02
2 (Grinding 40min) 1.70 8.06 10.21
3 (Grinding 20 min) 3.13 19.43 21.97
4 (Grinding 10 min) 4.21 27.95 32.87
5 (Grinding 5 min) 6.97 42.25 55.53
6 (Grinding 2 min) 10.13 63.52 81.28
7 (Grinding 30s) 12.71 79.44 98.04
18 T T T T
— Differential distribution 100
16 {—— Accumulate distributior i
Si4- S
g 80 §
£ 121 £
2 2
Z10+ Lo 2
S 5
=y £
2 3
= 44 151
o) L20 <
2 -
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Particle size (um)
FIGURE 2
Particle size distribution diagram of the tailings.

median diameter is dsy=178.28 um. The diameters of the whole
tailings are mainly between 80 um and 341 pm, then the non-
uniformity coefficient C, and the curvature coefficient Cc of
tailings are calculated. C, equals to 3.636 (less than 5), and Cc
equals to 1.657. The results showed the whole tailings belong to
poorly gradation, which seriously affects on the process of
tailings transport such as

concentration, dehydration,

cementation and stabilization.

Experimental procedures

In this experiment, the optimum time interval was
determined to be about 1s through multiple experiments.
Note that if the time interval is too short it would cause
test while it

sedimentation if the time interval is too long.

inaccurate results, would cause slurry

The experiment procedures were as follows:

1) In the test the concentration of tailings slurry was 75%, which
was made by mixing fine tailings and whole tailings. The
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FIGURE 3

Curves for different size fraction and particle diameter.

particle sizes of fine tailings were 10.21 pm, 21.97 um,
28.5 um, 30.00 um, 32.87 ym, 55.53 um, 81.28 um, and
98.04 um, respectively, the partical size of whole tailings
was 168.02 um, and the contents of fine tailings were 10%,
20%, 30%, 40%, 50%, respectively. The information about the
mixing ratio of tailings slurry is in Table 3.

S
~

The weighed tailings and water were mixed in the beaker,
then the mixture above was stirred evenly with a glass rod to
get tailings slurry.

3) RheolabQC rheometer was used in the test, and the time
interval was 1s. In order to reduce the test error, the data was
measured at least three times in every group. The final results
were obtained by taking average values. When the difference
coefficient was large, When the difference coefficient is large,
the data with large difference will be removeed and the test
was conducted again.

Test results and analysis
Test results

The rheological curves of tailing slurries with different
particle sizes and contents are shown in Figure 4-11. 10F90C
represents the mixture of 10% fine tailings and 90% whole
tailings.

It can be concluded from Figure 4 Figure 5, Figure 6, Figure 7,
Figure 8, Figure 9, Figure 10 Figure 11.

1) When the shear rate of rotors is constant, the shear stress
increases with the increase of the contents, and the rheological
curves with different contents have the same trend. This is
because the high content of fine particles and increased
contact area between particles, which strengthen the

frontiersin.org
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TABLE 3 Mixing ratio of tailings slurry.

10.3389/feart.2022.1083436

Particle sizes of 10.21
fine tailings(F)
um
Partical size of whole 168.02 168.02 168.02 168.02 168.02 168.02 168.02 168.02
tailings(C)
pum um pum pum um pum um um
Content 10F90C 10F90C 10F90C 10F90C 10F90C 10F90C 10F90C 10F90C
20F80C 20F80C 20F80C 20F80C 20F80C 20F80C 20F80C 20F80C
30F70C 30F70C 30F70C 30F70C 30F70C 30F70C 30F70C 30F70C
40F60C 40F60C 40F60C 40F60C 40F60C 40F60C 40F60C 40F60C
50F50C 50F50C 50F50C 50F50C 50F50C 50F50C
50F50C 50F50C
180 Fine:10.21um 1404 Fine:30.0um
Coarse:168.02um Coarse:168.02um
160 A
50F50C i
120 50F50C
140 A ) S
2 4001
w0 . 12
8120 40FGOC s
17} 17}
£100 5 80 40F60C
Q Q
< <
A 80 ~ A 60
30F70C
60
40
20F80C
40+ 20F80C 10F90C
T T T T T T T 20 T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Shear rate/(1/s) Shear rate/(1/s)
FIGURE 4 FIGURE 6
The shear stress-shear rate rheological curve of particle The shear stress-hear rate rheological curve of particle
diameter 10.21 pm. diameter 28.5 pm.

1404 Fine:21.97um
Coarse:168.02um
1207 50F50C
o \
£100
172}
o
g
5 80 1
Q
<=
60
401 10F90C
20F80C
20 T T T T T T T
0 50 100 150 200 250 300
Shear rate/(1/s)
FIGURE 5
The shear stress-shear rate rheological curve of particle
diameter 21.97 pm.
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internal  interaction of tailings slurry  particles.
Simultaneously, shear stress is positively correlated with
shear rate. That is, the shear stress increases with the shear
rate. It agrees with the results obtained by Cao et al. (2018).
When the particle size is less than or equal to 30.0 um, the
shear stress increases constantly with the shear rate of the
rotor for the same content. The slope of curves is smaller,
which means the shear stress is more stable. When the particle
size is greater than 30.0 um, the curve slope between shear
stress and shear rate is larger with the same content, that is,
the increase rate of shear stress is relatively larger. With the
increase of contents, the shear stress also increases, but the
increase range is small. For tailings with particle size of
10.21 pm, the shear stress with the content of 50% is about
2.88 times as high as that with the content of 10%. However,
the shear stress with the content of 50% is almost the same as
that with the content of 10% for the fine tailings with particle
size of 90.04 um. The variations show that the tailing contents
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https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1083436

Wang et al.

Fine:30um
| Coarse:168.02um

50F50C

40F60C

Shear stress/Pa

20F80C

10F90C
T T

T T T T
0 50 100 150 200 250 300
Shear rate/(1/s)
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FIGURE 7
The shear stress-hear rate rheological curve of particle
diameter 30.0 pm.
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FIGURE 8

The shear stress-shear rate rheological curve of particle
diameter 32.87 ym.

have less effect on the shear stress when the particle size of
tailings increases to a certain value.

3) Asshown in Figure 4-11, when the content of fine tailings
is less than or equal to 30%, the rheological curves of the
tailings are relatively concentrated and shear stress
changes little. The shear stress increases more sharply
with the content less than 30% compared with that with
more than 30%. The flocculation of fine particles is the
dominant factor leading to the yield stress of the slurry.
The more the fine particles of slurry are, the more obvious
the flocculation is. The increase of contact points between
particles causes the increase of frictional resistance,
which hinders the tailings slurry flowing. Thus, the
resistance and the yield stress are larger with high
content than that with low content.
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FIGURE 9

The shear stress-shear rate rheological curve of particle
diameter 55.53 pm.
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FIGURE 10

The shear stress-shear rate rheological curve of particle
diameter 81.28 ym

Test results analysis

There are many rheological models for tailings slurry, such as
the Herschel-Bulkley model, Bingham model (Liu et al., 2018;
Zhang et al, 2023). The slurries will conform to different
rheological models when the particle size and contents are
different.

Bingham model equation is defined as:

T =Ty +uy (1)
Herschel-Bulkley equation is defined as:
T =10+ uy (2)

Where 7y is yield stress, Pa, y is plastic viscosity coefficient, Pas, y
is shear rate,1/s.n is yield index.
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FIGURE 11

The shear stress-shear rate rheological curve of particle
diameter 98.04 pm.

When 75 =0,n=1, the model is Newton fluid; When
7o =0,n<1, the model is Pseudo plastic fluid; When
7o = 0,n> 1, the model is Expanding fluid; When 7y >0,n =1,
the model is Bingham fluid; When 77> 0,7 <1, the model is
Pseudo plastic fluid with yield stress; When 7 >0,n> 1, the
model is Expanding fluid with yield stress.

Based on the curves in Figure 4-Figure 11 the test results are
fitted by Eq 1 and 2. As there are many fitting curves and the
fitting trends are similar, fine particle size of 30 pm are taken as
an example and the fitting results are shown in Table 3. It can be
seen that the correlation coefficients are more than 99.4% and the

following conclusions are obtained.

1) When the particle size of fine tailings is less than or equal to
30 pum and the content is less than or equal to 30%, the rheological
properties of tailing slurries conform to the Herschel-Bulkley
model. And will transform into Bingham model with the increase
of content. This is because the particle size of fine tailings is
relatively small, the structure state of tailings slurry is
disassembled then reforming under the influence of shear
stress, and the rate of the structure reformation increases with
the extent of debonding. When the contents are more than 30%,
the dynamic balance of the tailing slurry system is achieved and it
has a stable plastic viscosity, thus the tailings slurry system
transforms into Bingham model.

2) When the particle size is greater than 30 pm, no matter how the

~

content of tailings slurry changes, the slurry always presents
Herschel-Bulkley model without transforming into Bingham.

Expanding fluid with yield stress
Because with the increase of particle size, the collision and

friction between the particles becomes the main factor increaing
the viscosity of the tailings slurry.
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The variation curves of yield stress with different particle
diameters and contents.
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FIGURE 13

The variation curves of viscosity with different particle
diameters and contents.

Yield stress and viscosity laws

Yield stress and viscosity are the main factors affecting the
flow of the slurry. Therefore, the yield stress and viscosity of
different particle sizes and content are analyzed in the test. The
changing curves are shown in Figure 12 and Figure 13. The
following conclusions are obtained from the figures above.

1) Asshown in Figure 12, the yield stress of the fine tailings with
size of 10.21 pm is greater than that of other particle sizes, and
the change rate of yield stress gradually enlarges with the
increase of content. Meanwhile, the larger the particle size is,
the more stable the yield stress is. When the particle diameter
is greater than 30.0 um, the yield stress changes less with the
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increase of the contents. When the particle size is less than or
equal to 30 pm and the contents is less than or equal to 30%,
the yield stress increases slowly. The yield stress increases
rapidly when the contents are more than 30%. This is because
when the particle size is small and the content is large for fine
tailings, and the friction between the particles increases, thus
increasing the yield stress rapidly and reducing the fluidity of
tailings slurry.

2) As shown in Figure 13, when the particle size is less than or
equal to 30.0 um, the viscosities decrease with the contents of
10%, 20%, and 30%, respectively, and the smaller the particle
size is, the more severe the viscosity decreases. For the particle
size of 10.21 pm, the viscosity decreases to the minimum
suddenly when the contents are 30%, which is due to the fact
that the lubrication effect between particles is the main factor
at this time. When the particle size is greater than 30 pm, the
viscosity changes less and is relatively stable.

3) The viscosity and the yield stress change greatly for fine
tailings with the particle size less than 30.0 um, while that
are more stable for a particle size with more than 30.0 um.
The particle size and content of fine tailings have great
influence on the rheological behavior of tailings slurry.

Rheological laws and mechanism
analysis

For the tailings backfilling disposal, the content and partical
size of fine tailingd are not the larger the better, there exists an
influence sphere. The filling and transportation parameters of
tailing mortar were optimized in order to quantitatively elucidate
the rheological characteristics of tailing mortar. In this part, a
new law of rheological properties of tailing mortar is given, and
the influence mechanism of particle size and content on the yield
stress and viscosity of total tailings is deeply revealed from the
microscopic perspective.

Rheological laws of tailings

From the rheological curves above, it is clear that the content
of 30% and the particle size of 30.0 um for fine tailings are the
turning point of the tailings rheological properties. The
parameter laws of particle size of 30.0 um and content of 30%
can be obtained.

1) The law of particle size of 30.0 um is as follows. When the
diameter is less than or equal to 30.0 pm, the yield stress varies
greatly and increases with the contentr of fine tailings. While
it is relatively stable when the particle size is more than
30.0 um. The particle size of 30.0 um is considered to be the
turning point and the yield stress changed from stability to
instability.
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2) The law of content of 30% is as follows. In the test, the content
of 30% can be considered to be the inflection point. When the
particle size is less than or equal to 30.0 pm and the contents is
less than 30%, the tailings viscosity decreased gradually with
the increase of the contents, while it began to increase with the
increase of the contents when the contents is more than 30%.
The viscosity of tailings reaches a minimum value when the
contents is 30%.

Mechanism analysis on tailings
rheological law

The resistance functions in the flowing process for tailings
slurry is as follows.

F=dpu’f(R.,) (3
8
§=—f(Ry) &)

Particles are supposed spheres. Reynolds number (R,,) and
projected area (A) can be obtained in Eq. 5.

R, = AT )
u 4

Where, F is the resistance,N; A is the projected area of the
particle on a plane perpendicular to the direction of motion,m?
u is the relative velocity of the particles,m/s; d is rpherical
particle diameter,m; p is fluid density,kg/m’ & is resistance
coefficient; y and R, are fluid viscosity and reynolds number,
respectively.

Thus, the resistance of tailings slurry can be obtained in Eq. 6.

_EApw?
2

F (6)
In the backfilling process, it is required to ensure that the
particles can flow uniformly. The viscous resistance between the
particles is the main factor affecting the flow of tailings slurry,
and the resistance is related to the Reynolds number R.j.
For the tailings slurry,

24
= 7
§ R, ?)
By substituting Eq. 7 into Eq. 6, we can get
F = 3nudu (®)

It can be seen that when the resistance remains constant, the
viscosity p of the tailings slurry is inversely proportional to the
particle size d, that is, the larger the particle size d, the smaller the
viscosity u. A triangular body model is presented among the
particles, as shown in Figure 14.

Assume that the radius of large particles and fine particles are
R, and R,, respectively. According to the geometric tangential
relation, when the large particles are tangent, the small particles
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FIGURE 14
Particle arrangement.

can be accommodated in the gap among the large particles. The
relation between R; and R, is obtained in Eq. 7.

R, +6.1R, %)

In the test, the median diameter is dso=178.28 um. The
tangential particle size is 29.2 um by using Eq. 10, where the
viscosity p of tailings is the minimum, and the particle size in the
test is closest to 30.0 um. Thus, 30.0 um is the turning point of
tailing performance, which is consistent with the above test
results.

Equation 10 can be expressed using the multi-stage particle
arrangement theory (Liu et al.,, 2017) as

0<¢& <1
P =P max

Zfizl

(10

Where ¢; is the proportion of the ith grain grade; n is the grading
number; p' is the packing density after particle gradation.

In the rheological test mentioned above, it can be regarded as
the two-stage gradation between fine particle tailings and coarse

particle tailings. The relations between porosities and
percentages can be obtained in Eq. 11.
1-6
& = 5
1- 61 62
(11
MECETAT)
2T 1-6,6,

Where 0,, is the porosity of the system after grading, 6, and 6,
are the porosities of the coarse and fine particles, respectively, and
&) and &, are the corresponding percentages.
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FIGURE 15
Stress analysis of tailings particles in the paste.

_ 1- 61
(1+6,(2.62k — 1.62k>)E

O =1 (12)
Where k = d,/d,. Particle arrangement is usually between tight

arrangement and free arrangement. Just assume that

0,=60,=0 (13)

According to the test, 6 =40%.Volume fraction can be
estimated theoretically between coarse and fine particles
porosities in Eq. 14.

(1-6,60,  (1-06)0

©=TT60 1@

0.4
= =29%
1+0.4

0
—_— 14
1+0 (14)

Thus, the porosity of the filling system with two-stage
gradation of tailings is 29%. The calculation results agree with
the experiment results in the second section.

Theoretical analysis on yield stress law

The yield stress is formed by the flocculation of fine particles
in the flow process of tailings slurry. Meanwhile, the coarse
particles of full tailings are sinking slowly due to the overall
damping effect. When the tailings particles are regarded as
spheres, the stress analysis of a sphere is shown in Figure 15.
F, is the settlement resistance and the particle gravity is G. F, is
the shear resistance and F,; is the component of F, in the Y-axis
direction, which is shear stress that caused by the yield stress
acting on the particles.

In Figure 15, 0 is the angle of sphere in the horizontal
direction, dA is the differential area, which can be got in Eq.
15, F5y can be obtained in Eq. 16.
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dA =2nr? cos 6 - do (15)
dF,, = Tcos0dA = 2mr*cos? - 1-db (16)
The equations above are integrated in Eq. 17.

3 1

Fy, = 4ﬂr21J cos?0-do = andzr (17)
0
4F2y

= (18)

When the shear resistance is constant, the yield stress 7 is
inversely proportional to particle size d according to Eq. 18.
The law is consistent with the results in Figure 12. The yield stress
of particle size of 10.21 um is greater than that of other particle
sizes. Furthermore, the larger the particle size is, the more stable
the yield stress is.

Application of rheological laws for tailings
slurry

The laws of “30.0 um of particle size” and “30% of contents”
were obtained according to the rheological test above.
Rheological properties of the tailings slurry and the pipe
resistance parameters were analyzed, which provide reasonable
references for tailings disposal in the iron mine.

In the field of tailings disposal in the iron mine, the mine
increased the content of fine tailings with a particle size less than
30.0pum, and tried to ensure that the content of fine tailings was
about 30%. The results showed that the field problems were
improved, such as the manufacturing difficulty of high
the
dewatering process and the harsh pipeline transportation

concentration  tailings  slurry using concentrated
conditions. Meanwhile, the frictional resistance generated in
the tailings slurry transportation process was reduced and
transportation efficiency was improved, which reduced tailings
disposal cost in the field.

The particle size and content of tailings have an important
effect on the yield stress and viscosity of tailings slurry. And some
similar phenomena also appeared in the research results of Liu
et al, (2017); Zhang et al, (2023). They thougt the stress
attenuation of slurry with coarse particles is much smaller
than that of slurry with finer particles. The tailings slurry
agreed to different rheological models with different particle
size and content. Liang et al. (2022) found similar law and
pointed out that the high concentration full tailing filling
slurry conforms to the characteristics of Bingham fluid in
non-Newtonian fluids. The rheological characteristics and
corresponding rheological theories are quantified in this study.
And the “double 30” theory (“particle size of 30.0 um” and
“content of 30%“) was proposed and expounded. “Particle size
of 30.0um” and “content of 30%” is the critical point of
rheological characteristics of tailings. The research results

further improve the tailing transportation law, provide
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theoretical support for the paste filling technology of mine
waste rock tailings, and are of great significance for the wide
application of this technology.

A similar phenomenon is also observed for other slurries;
such as cement slurries. Meanwhile, for the metal mines, the yield
stress during slurry transmission can be reduced by controlling
the particle size of tailings and increasing the content of fine-
grained rock with particle size less than 30um, thus reducing the
transportation cost.

Conclusion

In this paper, the experiments on rheological properties of
the mortar tailings were designed and carried outunder different
particle sizes and content conditions. The “double 30” theory was
proposed and expounded. The corresponding theoretical model
is established to analyze the mechanism of the above results. The
conclusion is as follows.

1) The particle size and the content of fine tailings have a
significant effect on the yield stress and viscosity in the
transportation process of the whole tailings slurry. When the
particle size of tailings is no larger than 30.0 um and the
content is no larger than 30%, the rheological behavior of the
tailings slurry conforms to the Herschel-Bulkley model.
With the increase of the content of fine tailings, its
behavior agrees better with the Bingham model. When
the particle size is larger than 30 pm, the tailings slurry
exhibits the Herschel-Bulkley model no matter how the
content changes.

2

~

The yield stress and viscosity of tailings slurry in the process
of transportation are in accordance with the laws of “double
30” theory. The theory is “particle size of 30.0 pm” and
“content of 30%“. That is, the particle size of 30.0 um in
the test can be regarded as a turning point of yield stress
change. When the particle size of fine tailings is no larger than
30.0 um, the yield stress changes greatly and increases with
the increase of content. When the particle size is larger than
30.0 um, the yield stress is relatively stable. The content of
30% of the tailings slurry is a turning point for the viscosity
change. For tailings with the fine particle size less than or
equal to 30.0 pm, the viscosity reaches the minimum with the
content of 30%.

3) The mechanisms of particle size and viscosity law are
analyzed from the perspective of particle arrangement and
rheological mechanics of tailings. The rheological laws of
tailings slurry have been successfully applied to the tailings
backfilling disposal in an iron mine, and the problem of large
resistance were coped with in the process of tailings
transportation. The obtained laws of tailings rheology
greatly improved the transportation efficiency and reduced
disposal cost of tailings in the iron mine.
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