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Abstract

In the tailings thickening process, the poor flowability of the high-concentration tailings slurry is likely to cause
slurry hardening at the bottom of the vertical sand silo and rake blockage of the thickening machine, which will hurt
the safe production of the mine and pollutes the environment. Therefore, the effect of slurry concentration on the
static yield stress of the slurry with and without shear conditions was investigated using the full tailings of iron ore as
raw material in this study. A comparative analysis of the static yield stress of thickened tailings and fresh mixing
slurry with the same concentration and particle gradation was completed. The fine structural parameters of the
thickening bed with and without shear were obtained by computed tomography. The effects of the structural
parameters of the drainage channels in the thickening bed and the changes in the content of coarse particles with
diameters ranging from 45-300 um on the porosity of the thickening bed were analyzed. The effect of the fluctuation
of the thickening bed's porosity on the slurry's static yield stress was also investigated. The results show that the
thickened tailings is non-homogeneous. The concentration of the slurry, the number and volume of coarse particles
with diameters in the range of 75-300 um increases with decreasing bed height. Analysis of the pore-network model
based on the structural equivalents of the drainage channels revealed that the pore volumes with equivalent diameters
in the range of 50-250 um are the largest and are the main storage space for water in the bed. Compared with the
spherical pore structure, the stick throat channel structure is the main component of the drainage channel structure in
the bed. The slurry rheology measurements show that the static yield stress of the thickened tailings is 5.3-61.3 times
higher than the static yield stress of the fresh mixing slurry for the same slurry concentration and particle gradation.
Our analyses revealed that the fluctuation of the porosity of the slurry also has an essential effect on the static yield
stress of the thickened tailings. For the first time, we propose to use the coefficient of variation in bed porosity to
quantify the difference in static yield stress values between thickened tailings and fresh mixing slurry and draw the
necessary conclusion that the static yield stress of slurry decreases with the reduction of the coefficient of variation in
bed porosity under the same conditions of slurry concentration and particle gradation. Based on the results of our
research, it was applied in an iron ore mine in China, where vertical sand silo was used as the thickening equipment

to solve the problem of slurry hardening in the silo and to achieve safe and efficient filling production.
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1 Introduction

During mining, a large amount of low-concentration tailings slurry will be produced. If not
handled correctly, it will bring severe natural disasters (Glotov et al., 2018; Rico et al., 2008). Mines
are used to dispose of low-concentration tailings slurry by discharging it directly into tailings ponds.
However, dam failure of tailings ponds and discharge of tailings wastewater have caused severe
environmental damage, deaths, and extensive property damage (Adiansyah et al., 2015; Rana et al.,
2022). Therefore, how to reasonably, effectively, and safely dispose of low-concentration tailing
slurry has been a critical concern of global mining enterprises (Gao et al., 2023; Lébre et al., 2017;
Wu et al., 2022). Tailings thickening is the tailings slurry through the flocculation, bed gravity
compression, and rake shear to achieve a low-concentration of tailings slurry to a high-concentration
of tailings slurry transformation of technology (Ghandashtani et al., 2022; Chen et al., 2023a; Qi and
Fourie, 2019; Wu et al., 2020). It provides high-concentration underflow for high-concentration
slurry storage and paste backfill in mines, reduces the water consumption of the mining industry,
saves the economic cost of filling, and has been widely used in mines (Mashifana and Sithole, 2021;
Qi and Fourie, 2019; Trampus and Frang, 2020; Wu et al., 2022; Yin et al., 2020).

Vertical sand silo and thickener, as commonly used equipment in the thickening of mine tailings,
have the advantages of simple operation, large processing capacity, and low operating costs
(Arjmand et al., 2019; Langlois and Cipriano, 2019). Scholars have carried out a lot of research on
the flocculation effect, floc settling behavior and underflow concentration improvement of tailings in
a vertical sand silo and thickeners and achieved remarkable results. Regarding the flocculation effect
of tailings, scholars have researched the optimization of flocculation conditions and studied the
effects of tailings slurry concentration, flocculant solution concentration, and flocculant dosage on
supernatant turbidity and floc structure (Chen et al., 2023b; Wu et al., 2020). The effects of
temperature and pH of the slurry on the flocculation effect were also investigated (O’Shea et al.,
2010; Peng et al., 2023; Zhu et al., 2023). Scholars also explored the impact of flocculant type,
flocculant molecular weight, and ionic degree on flocculation effect from the chemistry perspective,
and they analyzed the impact of tailings element on floc structure (Leite and Reis, 2020; Lin et al.,
2023; Peng et al., 2023; Sabah and Erkan, 2006; Walch et al., 2022). Some other scholars have
analyzed the effect of fluid shear on flocculation, showing that the floc structure is more prone to
break with high shear stress (Carissimi and Rubio, 2015; Wang et al., 2020; Yu et al., 2011).

Regarding floc settling behavior, scholars have analyzed the change in the equivalent diameter
of flocs and the floc breakage mechanism during the settling process (Chen et al., 2023b; Ye et al.,
2023). The effect of floc structure breakage on the fractal dimension of flocs during settling is also
investigated (Asensi and Alemany, 2022; Liu et al., 2021). Relevant scholars have analyzed the
changing rules of the breakage factor and strength factor of flocs during the settling process (He et

al., 2023; Murujew et al., 2020). The interaction mechanism between the fluid flow field and floc



transport during the settling process was obtained (Fawell et al., 2021; He et al., 2023). Some
scholars have also studied the changes in physical properties during floc settling under different
flocculation conditions and optimized the flocculation conditions based on the changes in floc
density and settling velocity (Chen et al., 2023b; Ye et al., 2023).

In terms of the increase of underflow concentration, scholars have studied the effect of tailings
bed height and slurry residence time on the increase of underflow concentration and also compared
the effect of shear conditions on underflow concentration (Li et al., 2023a; Zhu et al., 2020). The
results showed that the concentration of the underflow slurry was higher with shear than without
shear (Huazhe et al., 2020; Li et al., 2023a). Some scholars have analyzed the mechanism of bottom
flow concentration enhancement from the aspect of microstructure, showing that under bed pressure
and rake shear, the large drainage channel structure in the bed ruptures into small drainage channels,
resulting in the reduction of drainage channel volume and the increase of slurry concentration (Chen
et al., 2023a; Chen et al., 2024; Jiao et al., 2021). Some scholars have also analyzed the change in
permeability of thickened tailings with slurry concentration, showing that the permeability of
thickened tailings decreases with increasing slurry concentration, i.e., it is difficult to increase the
concentration of high-concentration slurry again (Chen et al., 2024).

Scholars have resecarched the flocculation effect, settlement behavior, and underflow
concentration increase of the tailings thickening through the above research. However, there are few
studies on the rheology of slurry in the thickening equipment. The poor flowability of the
high-concentration slurry will cause the hardening of the slurry in the vertical sand silo and the rake
blockage of the thickener, which will adversely affect the smooth discharge of the thickening
underflow slurry (Jia et al., 2020; Tan et al., 2017; Zhu et al., 2023). Therefore, there is an urgent
need to conduct rheological measurement experiments on the slurry in the tailings thickening
process to investigate the variation in the slurry's static yield stress with the slurry's concentration. In
the previous rheological measurement experiments, such as the tailings mixing and pipeline
transport processes, the fresh mixing slurry was used for the measurement (Chen et al., 2023; Li et
al., 2023b, 2022; Wang et al., 2021). This is not the same as the structural state of the slurry inside
the vertical sand silo and thickener in the tailings thickening process. Therefore, another objective of
this study is to give the correct measurement of the rheological parameters of the slurry inside the
vertical sand silo and thickener in the tailings thickening process.

Inspired by the above research, two approaches are used in this study to investigate the
variation rule of static yield stress of slurry with slurry concentration. The first way is to take in-situ
samples of the thickening bed of tailings formed by flocculation and settling with or without shear in
the thickener model. Then, rheological measurements will be carried out to obtain the slurry static
yield stress change with a slurry concentration in the thickening bed. The second way is to
reconfigure the fresh mixing slurry for rheological measurements based on the slurry concentration
and particle gradation obtained during the measurements. On this basis, the micro-structural

parameters of the drainage channel and coarse particles in the thickening bed at different heights



were obtained by computer tomography (CT). The effects of coarse particle content, volume, and
structural parameters of the drainage channel on the concentration of the thickening bed were
analyzed. The difference between the static yield stress of the thickening bed layer slurry and the
fresh mixing slurry was also explained from the perspective of slurry porosity fluctuation. The
variation law of Tsys (the ratio of the static yield stress of thickened tailings to the static yield stress
of fresh mixing slurry) with the variation in coefficient (CV) of porosity of thickening bed was
obtained under the same concentration and particle gradation. This study is expected to provide a
reliable measurement for obtaining the rheological parameters of the thickened tailings in the tailings
thickening. The change rule of the static yield stress of the slurry with the concentration of the slurry
was obtained. The relationship between the coefficient of variation in the thickened tailings porosity
and the slurry's static yield stress was obtained, which is of practical significance for the safe

operation of the mine thickening equipment.

2 Materials and Methods

This study consists of three experiments: flocculation and settling experiment (), slurry
rheology measurement experiment (I), and CT scanning experiment of the bed in the compaction
zone (I11). The experimental flow is shown in Fig. 1.

(In

Fig. 1. Experimental flowchart: (a) flocculation and settling experiments, (b) in-situ sampling of the thickening bed,
(c) fresh mixing slurry, (d) slurry rheology measurements, (e) static yield stress of the thickened tailings, (f) static
yield stress of the fresh mixing slurry, (g) CT scanning experiments of the thickening bed, (h) threshold segmentation
of the coarse particles, (i) 3D reconstruction of the coarse particles, (j) threshold of the drainage channel structure
segmentation, (k) 3D reconstruction of connected drainage channel structures, (1) 3D reconstruction of isolated pore
structures, (m) pore-network modeling of drainage channel structures, (n) spherical pore structures, (0) stick throat

channel structures.



2.1 Experimental materials

The materials used in this study consisted mainly of tailings, mixing water, and flocculants.

2.1.1 Tailings

The full tailings used in this experiment were from an iron ore mine in China, and the particle
size distribution (PSD) of the tailings is shown in Fig. 2 (a) (Chen et al., 2023a). We can see that the
content of fine particles (-20 pm) in the tailings is more than 60wt%, and the average particle size is
22.9 um. The specific gravity of the full tailings is 2.749 g / cm?, and the chemical elements and
their contents in the full tailings are shown in Fig. 2 (b) and Table 1, respectively (Chen et al.,
2023a).
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Fig. 2. Physical properties of full tailings: (a) particle size distribution of tailings, (b) tailings energy spectrum.

Differential distribution / %
Integral distribution / %

Table 1 Chemical element analysis of tailings.

Element C 0] Na Mg Al Si S K Ca Fe
Content (%) 7.85 4732 135 441 477 2163 037 111 444 6.75

2.1.2 Flocculant

In the thickening process of the mine, flocculants are often used to flocculate the tailings slurry,
which effectively improves the settling speed of the tailings particle and reduces the turbidity of the
supernatant. There are many types of flocculant. In this experiment, the type of flocculant we used is
anionic polyacrylamide, and the molecular weight is 13 million. The flocculant solution was stirred

and stood for 24 hours the day before the experiment (Chen et al., 2023b).

2.2 Experimental procedures

2.2.1 Flocculation and settling experiments

We used a self-made thickener to conduct flocculation settling experiments (I) on three
experimental variable conditions. Based on the preliminary experiment, the material parameters used
in this experiment were determined as follows: the mass of dry tailings was 10 kg, the concentration
of tailings slurry was 25wt%, the concentration of flocculant solution was 0.005wt %, and the

dosage of flocculant was 30 g/ t (Chen et al., 2023a).



The three experimental variable conditions are: the residence time of the slurry is 1 hour
without shear (0 rpm-1 h), the residence time of the slurry is 2 hours without shear (0 rpm-2 h), and
the residence time of the slurry is 1 hour with shear (1 rpm-1 h). During the experiment, the tailings
slurry and flocculant solution were rapidly pumped to the thickener by a peristaltic pump. In
particular, the tailings slurry was stirred at high speed using a mixer to avoid uneven distribution of

tailings particles in the slurry.

2.2.2 Rheological experiment of slurry in compaction zone

The slurry rheology measurement experiment (II) is based on the experiment (I). In this
experiment, we used two measurement methods to test the static yield stress of the slurry in the
compaction zone. The first way is to take in-situ sampling measurements of the thickened tailings in
the thickener, with 5 points sampled at different heights under each experimental condition, the
sampling heights under the three experimental conditions are shown in Table 2. Slurry concentration
and particle size content in the rheological measurement part were obtained. The second way is to
reconfigure the fresh mixing slurry for measurement based on the particle gradation data and slurry
concentration obtained in the first measurement method. Moreover, the dosage of the flocculant
added is consistent with the dosage during the flocculation and settling experiments. A small mixer
with 1300 rpm / min was used for 5 minutes to ensure that the tailings particles were well mixed
with the mixing water and flocculant solution.

Table 2  Sampling height of rheological experimental samples

Height / cm
0 rpm-1h 0-4 4-8 8-12 15-19 23-27
0 rpm-2 h 0-4 4-8 8-12 15-19 20-24
1l rpm-1h 0-4 4-8 8-12 15-19 18-22

An Anton Paar MCR 702e rheometer measured the static yield stress of the slurry. The
measured rotor is a four-leaf slurry rotor, model ST20-4V-40 / 116; the rotor diameter is 20 mm, and
the height is 40 mm. The inner diameter of the measuring vessel is 50 mm, and the height is 100 mm.
According to the exploration of the pre-experiment, the static yield measurement of the slurry in this
experiment adopts constant shear, the shear rate is 0.3 s™ !, the interval time of data sampling is 1 s,

and the measurement time is 90 s.

2.2.3 CT scanning experiment of slurry in compaction zone

The CT scanning experiment (111) of the slurry in the compaction zone was carried out based on
experiment (1) and experiment (I). We carried out an in-situ sampling of the slurry in the
compaction area of the flocculation settling experiment and carried out CT scanning experiments.
According to the preliminary experiment, the outer diameter of the sampling tube in this CT
scanning experiment was 21.0 mm, and the height was 40 mm. In addition, to reduce the damage of

the tube wall friction on the bed fine structure data and to avoid the disturbance of the bed fine



structure data during the sampling process, we only analyze the data for the tailings bed with the
sampling tube center diameter and height of 13.6 mm and 32.0 mm, respectively. Combined with the
rheological measurement results of the experiment (I1), we sampled 3 points at different heights of
the slurry under each experimental condition, and a total of 9 points were sampled under three
experimental conditions for CT scanning. It should be noted that the CT scanning area of the
thickened tailings must be consistent with the measurement part of the four-leaf slurry rotor during
the rheological measurement process. The sampling heights under the three experimental conditions
are shown in Table 3.
Table 3  Sampling height of CT experimental samples

Height / cm
0 rpm-1h 0-4 4-8 8-12
0 rpm-2 h 0-4 4-8 8-12
1 rpm-1h 0-4 4-8 8-12

The instrument used for this CT scanning experiment was a high-resolution CT instrument
(FF35, YXLON, Germany). According to the previous experiments, the best scanning effect can be
achieved when the scanning voltage is 100 KV, and the scanning current is 200 pA (G. Chen et al.,
2023a). The resolution of the scanned voxels of this sample is 12.9 um, and the pixels of each image

are 2146*2146.

3 Results

3.1 Slurry concentration and particle distribution in the compaction zone

As shown in Fig. 3, the slurry concentration gradually increases with decreasing bed height
with and without shear (Chen et al., 2023a). Moreover, the slurry concentration with a bed residence
time of 2 h is higher than that with a bed residence time of 1 h without shear (Li et al., 2023a). We
compared the slurry concentration in the bed with and without shear and found that the slurry
concentration in the bed was higher than without shear (Jiao et al., 2021; Li et al., 2023a). In
addition, the thickened tailings in the rheological measurement zone was wet-screened by a vibrating
sieve machine and classified into 5 parts according to the tailing particle size: <38 pm, 38-45 pm,
45-75 pm, 75-150 pm, and 150-300 pm (Qi et al., 2018). Table 3 records the mass percentage of
each particle size range in the thickened tailings in the rheological measurement area. It can be seen
that with the decrease of bed height, the content of particle size in the range of <38 pum, 38-45 um,
and 45-75 um in the slurry decreases gradually, and the content of particle size in the range of

75-150 pm and 150-300 pm increases gradually.
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Fig. 3. Variation in slurry concentration with bed height

Table3  Variation in slurry particle content in the compaction zone

Content / wt% <37 pm 37-45 pm 45-75 um 75-150 pm  150-300 pm

23-27 cm 47.8 6.8 18.7 13.6 13.1

15-19 cm 45.5 5.6 18.6 15.4 14.9

Orpm-1h  8-12cm 41.9 4.9 17.3 17.4 18.5
4-8 cm 41.2 4.8 16.7 17.7 19.6

0-4 cm 40.8 4.6 15.8 19.5 19.3

20-24 cm 45.7 5.1 18.3 17.4 13.5

15-19 cm 42.5 4.8 17.2 20.3 15.2

0 rpm-2 h 8-12 cm 38.1 4.1 15.6 21.7 20.5
4-8 cm 37.5 3.9 16.4 20.3 21.9

0-4 cm 37.3 3.6 15.4 21.2 22.5

18-22 cm 48.8 7.3 21.4 15.9 6.6

15-19 cm 41.1 5.6 19.5 18.4 15.4

lrpm-1h  8-12¢cm 34.4 3.4 15.5 22.4 24.3
4-8 cm 33.1 3.2 15.3 22.6 25.8

0-4 cm 32.7 2.7 14.7 23.5 26.4

3.2 Structural parameters of coarse particles in the compaction zone

This section imported 2D greyscale images from CT scans into 3D reconstruction software
(Avizo 3D, ThermoFisher, USA). Based on the threshold segmentation theory, we obtained the basic
information about the tailings particles in the bed, and the relevant details are referred to in our
previous research (Li et al., 2023a). To avoid identifying the fine particles gathered in the bed as
large particles, we only analyzed the volume, equivalent diameter, and number of coarse tailings
particles with an equivalent diameter of more than 45 pum in this study. The 3D reconstruction results

of coarse particles above 45 pum in the thickening bed are shown in Fig. 4.
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Fig. 4. 3D reconstruction of coarse particles in the bed: (a) 0 rpm-1 h, (b) 0 rpm-2 h, (¢) 1 rpm-1 h.

The equivalent particle size distribution data of coarse tailings particles above 45 um in the bed
are shown in Fig. 5. As we can see, the equivalent particle size distribution of coarse particles at
different bed heights is very close with or without shear. The results show that the number of coarse
particles in the range of 45-75 pm is the highest, the number of coarse particles in the range of
75-150 pm is the second, and the number of coarse particles in the range of 150-300 pm is the
lowest (Chen et al., 2023a).

We found that without shear conditions, the proportion of coarse particles in the range of
75-150 um and 150-300 pm in the bed increased slightly, and the proportion of coarse particles in
the range of 45-75 um decreased slightly as the bed height decreased. At the same height, the
proportion of coarse particles in the range of 75-150 um and 150-300 pm in the bed with a slurry
residence time of 2 h is higher than that with a slurry residence time of 1 h, and the proportion of

coarse particles in the range of 45-75 pum is lower than that with a slurry residence time of 1 h. And



we also found that when the rake shear speed is 1 rpm, the proportion of coarse particles in the range

of 75-150 ym and 150-300 pum in the bed is slightly higher than that without shear, and the

proportion of coarse particles in the range of 45-75 pm is slightly lower than that without shear.
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Fig. 5. Distribution of coarse particle content with particle size: (a) 0 rpm-1 h, (b) 0 rpm-2 h, (c) 1 rpm-1 h.

3.3

Structural parameters of drainage channels in the compaction zone

Cumulative distribution / %

We also obtained 3D structures of connected and isolated drainage channels in the thickening

bed based on threshold segmentation and 3D body reconstruction. Please refer to our previous

research for a detailed discussion of this section (Chen et al., 2023a; Li et al., 2023a). Based on the

equivalent pore-network model (PNM), we obtained the equivalent pore-and-stick of the connected

drainage channel structure at different bed heights for each of the three experimental conditions, as

shown in Fig. 6. Where the spherical structure represents the pore space and the stick structure

represents the throat channel (Chen et al., 2023a; Jiao et al., 2021; Xiong et al., 2016).

-10 -
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Fig. 6. PNM of the drainage channels in the thickening bed: (a) 0 rpm-1 h, (b) O rpm-2 h, (¢) 1 rpm-1 h.

Based on the pore threshold segmentation theory and PNM (Fatt, 1956; Otus, 1979), we plotted
the equivalent diameter distributions of isolated pores, spherical pores, and stick throat in the bed
with bed height, respectively, as shown in Fig. 7. From Fig. 7 (a)- Fig. 7 (¢), it can be seen that the
equivalent diameters of the isolated pores in the bed are distributed in the range of 2.5-50 pm. The
number of isolated pores in the bed increases with the decrease in bed height (Chen et al., 2023a;
Jiao et al., 2021). Among them, the number of isolated pores with equivalent diameters in the
7.5-12.5 pm range was the highest. We compared the isolated pore parameters with and without
shear conditions and found that the number and equivalent diameter of isolated pores increase to
varying degrees with shear conditions.

The results of Fig. 7 (d)- Fig. 7 (f) and Fig. 7 (g)- Fig. 7 (i) show that the diameter of spherical
pores is distributed in the range of 50-500 um, and the diameter of stick throats is distributed in the
range of 25-350 um. As the bed height decreases, the distribution range of spherical pores and stick

-11 -



throat diameters gradually decreases (Chen et al., 2024; Chen et al., 2023a; Jiao et al., 2021). The
number of pores in the range of 162.5-500 pm diameter and the number of throat channels in the
157.5-350 um diameter show a decreasing trend. The number of pores in the 50-162.5 pm diameter
range and the number of throat channels in the 25-157.5 um diameter gradually increased. The data
indicate that as the bed height decreases, the large spherical pores and large throat channels in the
drainage channel structure gradually change to tiny spherical pores and tiny throat channels (Chen et

al., 2024; Jiao et al., 2021).
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Fig. 7. Structural parameters of drainage channels in the bed: Equivalent diameter of isolated pores (a) 0 rpm-1 h, (b)

0 rpm-2 h, (c) 1 rpm-1 h. Equivalent diameter of spherical pores (d) O rpm-1 h, (e¢) 0 rpm-2 h, (f) 1 rpm-1 h.
Equivalent diameter of throat channel (g) 0 rpm-1 h, (h) 0 rpm-2 h, (i) 1 rpm-1 h.

3.4 Static yield stress measurement of slurry in the compaction zone

The rheological measurement curves of the thickened tailings in the compaction zone with and
without shear are shown in Fig. 8 (a)- Fig. 8 (c). The data show that the rheological curves of the
thickened tailings in the compaction zone with and without shear show the same trend. The shear
stress of the slurry shows a trend of increasing and then decreasing with the increase of measurement

time. The shear stress of the slurry also increases with the decrease of bed height at the same shear
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moment. Based on the data of slurry concentration and particle size in the rheological measurement
area, we obtained the rheological measurement curves of fresh mixing slurry, as shown in Fig. 8 (d)-
Fig. 8 (f). We can find that at the same shear moment, the shear stress of the slurry increases with the
increase of slurry concentration, which is consistent with the findings of previous research (Li et al.,
2023b; Ruan et al., 2021; Zhu et al., 2023). We compared the rheological curve of the thickened
tailings in the compaction area with the rheological curve of the fresh mixing slurry and found that

the two have significant differences. For the discussion of this part, we will make a detailed analysis

in Section 4.
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Fig. 8. Rheological measurement curves of thickened tailings: (a) 0 rpm-1 h, (b) 0 rpm-2 h, (c) 1 rpm-1 h;
Rheological measurement curves of fresh mixing slurry: (d) 0 rpm-1h, (e) 0 rpm-2h, (f) 1 rpm-1h.

4 Discussions

4.1 Effect of variation in coarse particle content on bed porosity

It can be seen from Fig. 9 that as the bed height decreases, the number and volume of coarse
particles with a diameter of more than 45 pm in the bed increase to varying degrees. We found that
there are two reasons for this result. On the one hand, in the early stage of the tailings bed structure
formation, the structural strength of the tailings bed is less than the particle gravity. The coarse
particles have apparent settlement behavior under gravity and accumulate at the bottom of the
tailings bed (Adiguzel and Bascetin, 2019; Li et al.,, 2023b). On the other hand, the settlement
behavior of the tailings bed structure occurs under pressure, and the height of the bed interface
decreases with the increase of the residence time of the slurry, increasing the content of coarse
particles per unit volume (Zhang et al., 2022). Furthermore, the settlement behavior of the bed
structure is slow. When the structural strength of the slurry and the pressure of the upper bed reach
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an equilibrium state, the settlement behavior of the bed no longer occurs (Maclver and Pawlik, 2022).
Therefore, at the same bed height, the number and volume of coarse particles in the bed with a slurry
residence time of 2 h are greater than those with a slurry residence time of 1 h (Li et al., 2023a). It is
worth noting that compared with the number and volume of coarse particles in the bed without shear,
the number and volume of coarse particles in the bed with shear have significantly improved. The
result is mainly attributed to the shearing effect of the rake significantly increasing the bed's slurry
concentration and the content of coarse particles in the unit volume (Li et al., 2023a).

In tailings thickening, the structural strength of the initially formed thickening bed is weak
(Maclver and Pawlik, 2022). Under the pressure of the upper bed, the drainage channel structure is
broken, reducing the equivalent diameter of the drainage channel and the volume of the drainage
channel structure (Chen et al., 2024). Therefore, the porosity of the slurry decreases with the
decrease in the bed height with and without shear. Before the bed structure strength and the upper
bed pressure reach equilibrium, the bed structure is in a slow settlement state with the increase of
slurry residence time, which promotes water discharge in the bed and further reduces the volume of
the drainage channel structure. Therefore, at the same bed height, the porosity of the thickened
tailings with a slurry residence time of 2 h is lower than that of the thickened tailings with a slurry
residence time of 1 h (Chen et al., 2023a). During the low-speed shearing process of the rake, the
rake and the water guide rod structure change the azimuthal angle of the coarse particles in the bed
and form a squeezing effect on the drainage channel structure. The higher the content of coarse
particles in the bed, the more pronounced the squeezing effect of coarse particles on the drainage
channel structure during the rake shearing process. And the more pronounced volume reduction of

the drainage channel structure, resulting in a lower bed porosity under the rake shearing condition

(Li et al., 2023a).
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Fig. 9. Variation in bed porosity and coarse particle parameters with bed height: (a) O rpm-1 h, (b) 0 rpm-2 h, (c) 1
rpm-1 h.
4.2 Variation in drainage channel structural parameters with bed height

To clarify the influence of pore structure changes in different sizes in the bed on the slurry
concentration, we transformed the isolated pore structure in the bed, the spherical pore structure, and
the stick throat channel structure in the PNM into the same spherical pore structure. At the same time,
we divided the spherical pores with a diameter of 0-600 pm in the bed into 12 parts at intervals of 50
um. We counted the total pore volume in different diameter ranges. The changes in pore volume in
different ranges at different bed heights with or without shear were plotted, as shown in Fig. 10. We
can see that the pore volume in the range of 50-250 pum in diameter is the largest at different bed
heights with and without shear, which is the main storage space for water in the thickening bed. In
addition, as the bed height decreases without shear, the pore volume above 150 pum in diameter
decreases to different degrees, and the pore volume below 150 pum in diameter increases slightly.

The data show that pore structures with diameters above 150 pm during bed drainage without
shear are preferentially damaged and transformed into pores below 150 um (Chen et al., 2023a). The
pore volume in the 50-600 um range in diameter decreased to different degrees as the bed height
decreased with the shear condition. The data indicate that the pore structures in the bed with
diameters in the range of 50-600 um are damaged with rake shear. A comparison of the pore
structure volumes with and without shear revealed that the reduction of pore volume in the bed with
shear was more significant. The result is that the shear process changes the azimuthal angle of the
coarse particles, creating a squeezing effect on the pore structure and promoting water discharge in

the bed. Please refer to our previous study for this section (Li et al., 2023a).
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Fig. 10. The variation in pore volume with bed height in different diameter ranges in the bed: (a) 0 rpm-1 h, (b) 0
rpm-2 h, (¢) 1 rpm-1 h.

Fig. 11 shows the variation in the proportion of isolated pore volume, spherical pore volume,
and stick throat channel volume in the PNM with pore diameter for different ranges of equivalent
diameters in the bed. We can see that the proportion of isolated pore volume in the bed decreases,
and the proportion of spherical pore volume in the PNM increases as the equivalent diameter
increases with and without shear. The proportion of stick throat volume in PNM decreases with the
increase in equivalent diameter without shear. Meanwhile, the proportion of stick throat channel
volume in PNM shows an increasing and then decreasing trend with the increase in equivalent
diameter with shear. The main reason is that the shear effect of the rake increases the volume of
isolated pores with equivalent diameters in the range of 0-50 pum.

In addition, we found that the pore volume in the range of 50-250 um in pore diameter has a
higher percentage of stick throat channel volume, as shown in the red area in Fig. 11. The data
suggest that the stick throat channel structure in the range of 50-250 um in pore diameter in the PNM
is the main water storage space in the bed compared to the isolated pore structure in the bed and the

spherical pore structure in the PNM (Chen et al., 2024; Chen et al., 2023a; Jiao et al., 2021).
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Fig. 11. The ratio of isolated pore volume, spherical pore volume, and stick throat channel volume varies with the

equivalent diameter: (a) 0 rpm-1 h, (b) 0 rpm-2 h, (¢) 1 rpm-1 h.

4.3 Difference in static yield stress between thickened tailings and fresh
mixing slurry

Fig. 12 (a) and Fig. 12 (b) show the static yield stress of the thickened tailings in the thickening
and the static yield stress of the fresh mixing slurry with the change of the slurry concentration,
respectively. We found that the static yield stress of the thickening slurry is much larger than that of
the fresh mixing slurry under the same slurry concentration and tailings gradation. The result
suggests that when obtaining the rheological parameters of the slurry in the thickening bed, the
structural state of the slurry should be consistent with the structural state of the slurry in the vertical
sand silo or thickener. In other words, when measuring the rheological parameters of the slurry in the
tailings thickening process, the slurry in the vertical sand silo or thickener should be sampled and
measured in situ. Suppose the rheological measurement is carried out by using fresh mixing slurry.
In that case, it will lead to severe errors in the data, leading to misjudgment of the slurry flowability
in the vertical sand silo or thickener. The result will lead to production accidents such as slurry
hardening in the vertical sand silo or thickener rake blockage, affecting mine safety production and
personal safety.

We also found that the static yield stress of the thickened tailings and fresh mixing slurry
increased with increasing slurry concentration, consistent with previous research findings (Li et al.,
2023b; Zhu et al., 2023). Combined this with the data of section 3.1, we found that the static yield
stress of the slurry decreases with the decrease of the bed height in the vertical sand silo or thickener,
which indicates that the slurry at the bottom of the vertical sand silo or thickener has worse

flowability and is more prone to hardening.
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In addition, the static yield stress of the slurry with a residence time of 2 h was higher than that
of the slurry with a residence time of 1 h without shear. The result indicates that the slurry
concentration is improved with increased slurry residence time in the thickening equipment.
However, the flowability of the slurry is reduced, which also increases the probability of slurry
hardening. We compared the static yield stress of the slurry with and without shear conditions and
found that the static yield stress of the slurry was higher with low-speed rake shear. The result also
indicates that it is more difficult for flow to occur in the thickener and that the rake has to overcome

more resistance during the shearing process.
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Fig. 12. Variation in static yield stress of slurry with slurry concentration: (a) thickened tailings, (b) fresh mixing
slurry.
4.4 Variation in static yield stress of slurry with fine structural parameters

The flocculant solution flocculates with the tailings particle in the thickening process to form a
floc structure. It settles to the bottom of the thickening equipment, and the floc structures are
connected to form a thickened bed structure (Chen et al., 2023b; Zhu et al., 2023). The microscopic
structures of the thickening bed at different heights are shown in Fig. 13(a). We can see apparent
drainage channel structures of various sizes in the bed, indicating that the drainage channel
structures in the thickening bed have strong anisotropy. Compared to the drainage channel structure
in the bed with and without shear, we found that the number and size of the large drainage channel
structures in the bed without shear were significantly larger than those with shear. The result
indicated that the anisotropy of the drainage channel structures in the bed without shear was more
substantial. The drainage channel structure with the rake shear is small, and there is no apparent
large drainage channel structure, indicating that the shear action of the rake is beneficial to reducing
the anisotropy of the drainage channel structure.

We found that due to the randomness of floc structure settling and the settling behavior of
coarse particles, the distribution of coarse particles and drainage channel structure on the XY plane
in the bed is inhomogeneous, and the schematic diagram is shown in Fig. 13 (b). Some of the coarse
particles in the bed form a plugging effect on the drainage channel structure. The plugged small

drainage channel structure is transformed into a large drainage channel structure under the bed
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pressure, and its size and quantity are random, which leads to the strong anisotropy of the drainage
channel structure on the XY plane in the thickening bed. When the fresh mixing slurry is configured
for rheological parameter measurements under high-speed stirring in the mixer, the shear force is
greater than the gravity of the particles and the strength of the slurry structure. The coarse particles
in the bed and the drainage channel structure are uniformly distributed in the slurry structure to form

a highly homogeneous slurry (Li et al., 2023b). The schematic diagram of coarse particles and

drainage channel structure in fresh mixing slurry is shown in Fig. 13 (c).

Fig. 13. Distribution of slurry structure: (a) Fine structure of thickening bed, (b) Schematic structure of thickened

tailings, (c) Schematic structure of fresh mixing slurry.

We also found that the porosity of the thickening bed is closely related to the anisotropy of the
drainage channel structure in the bed, and the stronger the anisotropy of the drainage channel
structure, the greater the porosity fluctuation in the bed. Fig. 14 shows the variation in bed porosity
at different bed heights with or without shear. We found that the porosity of the bed showed a
fluctuating change with the decrease in the bed height, indicating that the thickened tailings belongs
to the non-homogeneous slurry. Moreover, the fluctuation of bed porosity decreases with the
increase of slurry residence time without shear. The result is that the large drainage channel structure
is preferentially damaged during the drainage process and transformed into a small drainage channel
structure. As the slurry residence time increases, the drainage channel volume in the bed gradually
decreases, and the degree of transition from large to small drainage channel structures increases. The
anisotropy between the drainage channel structures was gradually reduced, and the fluctuation of
porosity was also steadily reduced. The coarse particles in the bed have a squeezing effect on the
drainage channel structure with rake shear (Li et al., 2023a). It reduces the volume of the drainage
channel and the anisotropy between the drainage channel structures at different bed heights, resulting

in a significant reduction in the fluctuation of the bed porosity.

-19 -



w
o

Height / em
28k $-12em
——4-8cm
——0-d4em

Height / cm

8-12em
——4-8cm
——0-4cm

1l

w
S
T
[
S

|

.
Height / mm
=
T

Height / mm
>

Y

0 n n 1 i b n
20 25 30 35 40 45 50 55 60 65 70

20 25 30 35 40 45 S0 55 60 65 70

Porosity / % Porosity / %
)
(a) (b)
B g —
B ——
32 -
- Height / cm
[ S e
z' ~——4-8cm
g ! —ia
’ 24 £
5 Y
Q £ ¢
g $
= H
N B 2 7
“nt 5
¢
4
st ¢
3
at £
y
£
3

0 s s s L L s s s
20 25 30 35 40 45 50 55 60 65 70
Porosity / %

O -

2000 ,.mL

(c)

Fig. 14. Variation in 2D porosity with bed height in thickening beds: (a) 0 rpm-1 h, (b) 0 rpm-2 h, (¢) 1 rpm-1 h.

Combined with the static yield stress measurements of the slurries in Section 4.1, we conclude
that the fluctuation of the porosity of the thickening bed is responsible for the significant difference
in static yield stress between the thickened tailings and the fresh mixing slurry under the same slurry
concentration and particle gradation. To quantify the effect of the thickening bed porosity fluctuation
on the slurry's static yield stress, we propose to use the coefficient of variation (CV) of bed porosity
to characterize the fluctuation of the thickened tailings. The stronger the fluctuation of the porosity
of the thickening bed, the larger the coefficient of variation in the bed porosity. The ratio of the static
yield stress of the thickened tailings to the fresh mixing slurry at the same concentration and particle
gradation is defined as Tsys, as shown in Eq. 1. The coefficient of variation in bed porosity is

calculated as shown in Eq. 2 (Brown, 1998).

TSYS = SYSSettling / SYSFresh (1)
B D (x-X)
CV =S/ X x100% =4/ L—«—

/' X x100% @)

n-1

where SYSserniing 1s the static yield stress of the thickened tailings, Pa, SYSrres: is the static yield stress of the fresh
mixing slurry, Pa, S is the standard deviation of bed porosity, %, X is the average value of bed porosity, %, X is the

bed porosity, %, n is the number of bed CT images.
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Fig. 15 shows the variation in Tsys with the coefficient of variation in the porosity of the
thickening bed. We find that when the coefficient of variation in bed porosity decreases from 792.1%
to 103.6%, the Tsys also decreases from 61.3 to 5.3. The data show that under the same conditions of
slurry concentration and particle gradation, the greater the anisotropy of the pore structure of the
thickening bed and the greater the fluctuation of the bed porosity, the more pronounced the
enhancement of the static yield stress of thickened tailings is, and the more unlikely to be flowed by
the slurry. We compared the coefficients of variation in bed porosity under the three experimental
conditions and found that the coefficient of variation in thickening bed porosity decreases with
decreasing bed height. The coefficient of variation in bed porosity decreases with increased slurry
residence time without shear. The coefficient of variation in bed porosity decreases more obviously
under the rake shear. The result also indicates that the fluctuation of thickened tailings porosity

decreases with increasing slurry concentration.
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Fig. 15. Variation in Tsys with bed porosity coefficient of variation.

5 Case study

The filling section of an iron ore mine in China uses a vertical sand silo for tailings thickening,
which has a diameter of 8.8 m, a height of 24 m, and a storage capacity of 1,200 m?, as shown in Fig.
16 (a). The mine is filled with high-concentration slurry, and the underground mining void area is
about 700,000 m* per year. During the filling process of the mine, as the concentration of the
thickened tailings increases, the thickened tailings is hardened at the bottom of the vertical sand silo,
as shown in Fig. 16 (b). In the past, the mine used manual desludging to deal with the thickened
tailings in the vertical sand silo. However, this method has a long working period and low efficiency,
which not only consumes a lot of manpower and material resources but also adversely affects the
normal filling production of the mine.

To ensure the filling body's strength and the filling economy, mines cannot reduce the
concentration of the filling slurry and increase the cement-sand ratio. Based on the results of our
study, the static yield stress of the thickened tailings can be substantially reduced, and the fluidity of
the slurry can be improved by decreasing the anisotropy of the drainage channel structure of the

thickening bed, i.e., by reducing the fluctuation of the porosity of the thickening thickened tailings.

-21-



For this purpose, we installed high-pressure air holes at the bottom of the vertical sand silo, as shown
in Fig. 16 (c). The high-concentration thickened tailings at the bottom of the vertical sand silo is
forced to shear by high-pressure gas, which reduces the fluctuation of the thickened tailings porosity
and improves the flowability of the slurry at the bottom of the vertical sand silo, as shown in Fig. 16
(d). Based on the improved scheme, we reduced the static yield stress of the filling slurry from
1116.6 Pa to 89.3 Pa, improved the flowability of the slurry in the vertical sand silo without reducing
the concentration of the filling slurry, solved the problem of slurry hardening in the vertical sand silo,

and achieved safe, reliable and stable production.

(b) (c) (d)

Fig. 16. Slurry consolidation in vertical sand silo and improvement effect: (a) Vertical sand silo, (b) Slurry hardening,

(c) High-pressure air holes, (d) Slurry after forced shear.

6 Conclusion

(1) The concentration and static yield stress of the thickened tailings in both the vertical silo and the
thickener increased with decreasing bed height. Both slurry residence time and rake shear increased
the thickened tailings concentration and static yield stress. The static yield stress of the thickened
tailings was much higher than that of the configured fresh mixing slurry for the same slurry
concentration and particle gradation. The result suggests that in-situ sampling of the tailings
thickened tailings formed by flocculation and settling should be used for rheological measurements
to avoid obtaining erroneous data when obtaining the rheological parameters of the thickened
tailings in the vertical sand silo and the thickener.

(2) Under the effect of bed pressure and rake shear, the compressive behavior of the bed structure
occurs, the volume of coarse particles in the range of 75-300 um in the bed increases, the volume of
the drainage channel decreases, and the concentration of the slurry is improved. The PNM analysis
indicated that the pore volume with the equivalent diameter in the 50-250 um range was the largest,
which was the main storage space for water in the bed. Stick throat channel volume proportion in the
drainage channel structure decreases with the increase in the equivalent diameter. Compared with the
spherical pore structure, the stick throat channel structure is the main component of the drainage
channel structure in the bed.

(3) The anisotropy of the drainage channel structure in the thickening bed leads to fluctuation in the
bed's porosity and increases the slurry's static yield stress. We propose to use the coefficient of

variation in bed porosity to characterize the anisotropy of the slurry drainage channel structure of the
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thickening bed. The results show that the greater the porosity fluctuation of the bed, the more
pronounced the anisotropy of the drainage channel structure. The anisotropy of the drainage channel
structure and the fluctuation of the slurry porosity decrease with the increase in the slurry
concentration. Under the same slurry concentration and particle gradation, the stronger the
fluctuation of the slurry porosity in the thickening bed, the greater the static yield stress of the slurry
and the lower the slurry flowability. Based on the results of our research, it was applied in an iron
ore mine in Anhui, China, where the flowability of the slurry in the vertical sand silo was improved
by reducing the anisotropy of the porosity of the slurry in the thickening bed layer without
decreasing the concentration of the filling slurry, solving the problem of slurry hardening in the
vertical sand silo, and realizing a stable discharge of the bottom flow from the vertical sand silo.
Therefore, this research provides ideas for solving the problems of slurry consolidation in the
vertical sand silo bed and the thickener rake blockage problem.

It is worth noting that in this study, we assumed that the pore structure of the fresh slurry after
mixing with a small high-speed mixer was homogeneous, and there was no apparent fluctuation in
the porosity of the slurry at different bed heights, which is an assumption that has certain
shortcomings. However, it is well known that the homogeneity of the tailings slurry after high-speed
mixing has significantly improved, which is an indisputable fact. We also attempted to perform CT
scanning on the stirred tailings slurry to obtain the microfine structure of the fresh mixing slurry.
Unfortunately, the CT scan data of the fresh mixing slurry showed severe distortion and could not be
analyzed effectively, as shown in Fig. 17. This result is that the structural strength of the fresh
mixing slurry is lower than that of the thickening thickened tailings. During the CT scanning process,
the coarse particles in the slurry and the bed structure undergo apparent settling behavior, which
causes severe damage to the bed microstructure, thus making it impossible to obtain the

microstructure of the fresh mixing slurry.

3000 pm 3000 pm

3000 pm 3000 pm

(@) (b)

Fig. 17. CT scan images of tailings slurry: (a) Thickened tailings, (b) Fresh mixing slurry.
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