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Both shear and ﬂocculation have a signiﬁcant inﬂuence on the rheological behavior of tailings, especially the yield stress. In the
two-step ﬂocculation process, the above two kinds of actions exist at the same time, and they inﬂuence each other. In order to
explore the change rule of the yield stress and its internal causes, a two-step ﬂocculation process of the iron ore ﬁne tailings with
diﬀerent shear conditions in the four diﬀerent phases was designed. In the primary ﬂocculation phase, tailing particles combined
with the primary ﬂocculant and formed a primary ﬂoc network structure. In the primary broken phase, shear destroyed the
primary ﬂoc network structure and decreased the average ﬂoc size, so the shear-dependent yield stress, the ﬂoc strength factor, and
the fractal dimension decreased. In the secondary ﬂocculation phase, broken ﬂoc combined with the secondary ﬂocculant and
produced a more compact ﬂoc network structure which had a better shear resistance. Therefore, in the secondary broken phase,
with the increase of shear, the decrease of yield stress, the ﬂoc strength factor, and fractal dimension were less obvious than that in
the primary broken phase. In both two broken phases, the yield stress of the secondary ﬂocculating slurry was always higher than
that of the primary ﬂocculating slurry, but with the increase of shear, the diﬀerence became smaller. The ﬂoc strength and fractal
dimension also showed the same rule. The internal reasons for the stronger shear resistance of the secondary ﬂocculating slurry
were the increase of the number of binding sites, the electric neutralization between the two ﬂocculants, and the steric hindrance
eﬀect of the ﬂocculants.

1. Introduction
For mineral processing and tailings disposal, dual polymer
systems have been a research focus due to its signiﬁcant
advantages over the use of single polymers [1–3]. A dual
polymer system can rapidly improve the dehydration capacity and rheological properties of the slurry. In mineral
processing, rheological parameters, especially yield stress,
directly aﬀect energy consumption [4], separation eﬃciency
[5], and sedimentation stability [6]. For tailings disposal, the
physical stability of tailings, backﬁll, and paste are also
dependent on rheological properties [7]. Therefore, it is
necessary to fully understand the variation of rheology and
the internal mechanism in a dual polymer system.
The interaction between particles and aqueous phases is
the reason for rheological properties of slurry, which is

dependent on physical characteristics and chemical characteristics of the constituents, such as mineralogical content
[8], particle volume fraction φ [9], particle size distribution
[10], and chemical additives [11]. It is also aﬀected by the
external eﬀect, such as shear action [12]. Therefore, rheological properties are a complex function of physical and
chemical properties and of processes that occur at the scale
of the suspended particles. In order to further understand
rheological properties and its mechanisms, many pieces of
research focused on the variation of rheological behavior
under diﬀerent conditions, such as shear, particle size distribution, ﬂoc structure, and maximum particle packing
fraction.
In terms of minerals slurry, shear has an essential impact
both on dual polymer systems and its rheological properties.
Shear rate and shear time are considered to be the most
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important factors. For dual polymer systems, some researchers have used the product of shear rate and shear time
as the index of shear action because this product is closely
related to the rate of orthokinetic ﬂocculation, which has a
direct impact on the ﬂocculation eﬀect [13, 14]. For rheological properties, shear action aﬀects the rheological
properties by changing the particle size distribution and the
interaction of particles and the aqueous phase. For relatively
small shear rates, the ﬁne particles are controlled by
Brownian motion eﬀects or colloidal forces, while coarse
particles are generally faced with frictional or collisional
contacts or hydrodynamic forces [15]. However, for relatively high shear rates, the colloidal ﬁne fraction and coarse
fraction are assumed to act independently and the coarse
fraction mainly contributes to increased viscosity through
hydrodynamic dissipation [16, 17].
Apart from shear action, the rheological properties are
closely related to ﬂoc structure and ﬂoc strength [18–21].
Nasser and James [22] found that the magnitude of the
yield stress and viscous modulus is strongly dependent
upon the ﬂoc structure. When shear exceeds the particle
interactions, the ﬂoc network structure is disrupted, and
the pulp yield stress decreases, which shows clear links
between shear, ﬂoc structure, and dewaterability [23].
Furthermore, Farrokhpay [24] proposed that the rheological behavior of mineral slurries indicates the level of
particle interaction or aggregation and disaggregation is a
balance between ﬂoc formation and ﬂoc breakage [25–29].
In other words, the shear-dependent yield stress of slurry
indicates the shear resistance of the ﬂoc network structure
in the process of ﬂocculation and shear disruption. And in
the ﬁeld of water treatment, the ﬂoc strength factor
demonstrates the shear resistance of ﬂocs in the process of
ﬂoc formation and ﬂoc breakage. Therefore, the ﬂoc
strength factor can be considered as a unit of shear resistance of the ﬂoc network, and it can also be used as an
important indicator of the variation of the shear-dependent
yield stress. However, there is not enough information on
the relationship between yield stress, ﬂoc structure, and ﬂoc
strength factor in the two-step ﬂocculation process.
In the paper, a two-step ﬂocculation process of the iron
ore ﬁne tailings under diﬀerent shear conditions was
designed so as to explore the change rule of the yield stress
with shear. This two-step ﬂocculation process included the
primary ﬂocculation phase, the primary broken phase, the
secondary ﬂocculation phase, and the secondary broken
phase. In order to explain the variation of the shear-dependent yield stress in this process and its internal causes,
the ﬂoc size, ﬂoc strength factors, and the fractal dimension
will be calculated and analyzed.

2. Materials and Methods
2.1. Tailings. The tailings used in this study were iron ore
tailings originally supplied by ArcelorMittal USA, a steel and
mining company operating in the USA. The tailings preparation process is comprised of a number of steps. Firstly,
taking a 45 kg wet sample of +4.0 mm feed size from the
tailings and passing it through a vibrating screen. The

Advances in Materials Science and Engineering
portion of the tailings that did not pass through the screen
was crushed using gyratory and cone crushers and subsequently mixed with the portion of the sample that had ﬁltered through. Secondly, the combined sample was then
mixed with water to bring its concentration to 60% prior to
grounding it in a rod mill for 66 mins. Through preexperiments, the relation curve between the particle size distribution of tailings and grinding time was obtained and the
grinding time was determined to be 66 mins with the 80th
percentile of the cumulative particle size distribution of
70 μm as the target. Then, the sample was subsequently dried
in a drying box until the tailings were completely dry so as to
obtain the working sample that would be used in this study.
The working sample particle size distribution was measured
using a Malvern Mastersizer 2000 Laser Diﬀraction Particle
Size Analyser. The 50th and 80th percentile of the cumulative particle size distribution was 60.2 μm and 70.2 μm,
respectively (Figure 1). The speciﬁc gravity of the tailings was
2.326 g/cm3, and the result of the X-ray diﬀraction is shown
in Table 1.
2.2. Flocculants. Through single ﬂocculation preexperiments and combined ﬂocculation preexperiments, the optimal ﬂocculant combination was selected (923VHM and
4800SSH). These two kinds of commercial ﬂocculants were
used in this study, supplied by SNF Canada. The anionic
polyacrylamide, 923VHM, was used as the primary ﬂocculant and the cationic polyacrylamide, 4800SSH, was used
as the second ﬂocculant. Both of them have high molecular
weight and good water solubility. To prevent mineral impurities from aﬀecting test results, deionized water was used
in all water-based tests.
2.3. Suspension Preparation. A slurry of 15% solids (w/v %)
was prepared in a 1 L beaker using 150 g tailings and 850 ml
deionized water. The slurry was homogenized by agitating at
a rotational speed of approx. 600 rpm for 30 seconds, and at
280 rpm for 10 mins. Then 2 ml of the anionic PAM ﬂocculant solution with the concentration of 0.15% was added to
the slurry (corresponding to the polymer optimum dosage of
20 g/t, determined from previous experimentation) and
agitation was ceased immediately to avoid breaking the ﬂocs.
Following agitation, the beaker containing the slurry was
allowed to rest for 5 mins prior to removing the supernatant
from the solution by pouring (it out of the beaker). The
average particle size, d0, of the underﬂow was measured by
using the Malvern Mastersizer 2000 Laser Diﬀraction Particle Size Analyser.
2.4. Rheology Tests in Two-step Flocculation Process. The
time-dependent rheological behavior of the slurry was
characterized using a shear rheometer (Thermo Haake VT
550, Germany). The rheometer was also used as a power
device to provide ﬂoc shear disruption during the two-step
ﬂocculation process. The cup and bob ﬁxture was a concentric cylinder geometry of which the radius of the ﬁxed
outer cylinder and the rotatable inner cylinder was 21.00 mm
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Figure 1: Granularity composition of tailings.

Table 1: Parameter design of ﬂoc shear disruption.
Primary broken phase
Shear rate
Shear time
200
30
400
30
600
30
800
30
200
60
400
60
600
60
800
60
200
120
400
120
600
120
800
120
200
240
400
240
600
240
800
240

Secondary broken phase
Shear rate
Shear time
200
30
400
30
600
30
800
30
200
60
400
60
600
60
800
60
200
120
400
120
600
120
800
120
200
240
400
240
600
240
800
240

and 20.04 mm, respectively, so there was a gap between the
cup and bob ﬁxture to minimize non-Newtonian shear rate
eﬀects, particle bridging across the shear surfaces, and the
magnitude of wall slip errors [30–32]. For each test, 34 ml
samples were required and the temperature was ﬁxed at 23°C
by the Poly science 9100 constant temperature circulator
from the USA.
The rheological tests were conducted including four
phases, primary ﬂocculation phase, primary broken phase,
secondary ﬂocculation phase, and secondary broken phase,
as shown in Figure 2.
Firstly, in the primary ﬂocculation phase, the tailings
slurry and the primary ﬂocculant solution were mixed as
shown previously, to prepare the primary ﬂocculated suspension. The yield stress of the primary ﬂocculated

suspension was measured with the increase of shear rate
from 0 to 300 s−1 and the decrease from 300 s−1 to 0 within
120 seconds. In addition, the primary particle size distribution, d1, was obtained using the Malvern Mastersizer 2000
Laser Diﬀraction Particle Size Analyser.
Secondly, in the primary broken phase, the tests were
implemented at a constant shear rate for a desired period
(Table 1), during which the rheometer was only used as a ﬂoc
shear disruption device. Subsequently, the yield stress and
the particle size distribution, d2, of the primary broken
suspension was measured with the same method in the
primary ﬂocculation phase.
Then, in the secondary ﬂocculation phase, 0.4 ml ﬂocculant solution of the cationic PAM with the concentration
of 0.15% (corresponding to the polymer optimum dosage of
20 g/t, determined from previous experimentation) was
added to the suspension in the cup and the slurry was stirred
until it was homogeneous. Then, the measurement of the
yield stress and the particle size distribution, d3, of the
secondary ﬂocculated slurry was carried out.
Finally, in the secondary broken phase, adjusting the
shear rate and shear time to the same values with those in the
primary broken phase (Table 1), prior to measuring the yield
stress and the particle size, d4, of the secondary broken
suspension.
2.5. Floc Structure Measurement. At the end of each phase of
the experiments, samples were taken from the main suspensions. The microstructure of ﬂocs was observed by SEM.
In order to make the images obtained clearly reﬂect the
changes of the ﬂoc microstructure, with the help of
ImageJ2X software, the images were binarized by gray
histogram method.
2.6. Data Treatment Methods
2.6.1. Floc Strength Factor in Two-Step Flocculation. Floc
strength factor demonstrates the shear resistance of ﬂocs in
the process of ﬂoc formation and ﬂoc breakage, while sheardependent yield stress of slurry indicates the shear resistance
of the ﬂoc network in the process of ﬂocculation and shear
disruption. Therefore, ﬂoc strength factor can be considered
as a unit of shear resistance of the ﬂoc network and it can also
be used as an important indicator of the variation of the
shear-dependent yield stress.
In the paper, the ﬂoc strength factor was introduced
from the water treatment ﬁeld to explore the relationship
between ﬂoc strength factor and shear-dependent yield
stress of the slurry in the two-step ﬂocculation process. The
formulas were listed as follows [33]:
Strength factor:
F1 �

d2
.
d1

(1)

Here d1 is the average ﬂocs size before breakage, μm, d2 is
the average ﬂocs size after breakage, μm.
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Figure 2: A scheme of rheological tests.

2.6.2. Floc Fractal Dimension in Two-Step Flocculation.
Floc fractal dimension is an important parameter of ﬂoc
structure, ﬂoc strength, and ﬂocculation eﬀect. It can also be
used as an important indicator to explain the variation of the
shear-dependent yield stress in the two-step ﬂocculation.
With the help of FractalFox image fractal processing
software, the box counting dimension method was used to
calculate the fractal dimension of ﬂoc structure in the twostep ﬂocculation experiments. The basic principle was as
follows. The small box with side length r was used to cover
the fractal curve, and the number of small boxes covering the
fractal curve was N(r). Then, the box side length r was
continuously reduced. When r inﬁnitely approached zero,
the fractal dimension D was obtained.
D � − lim

r⟶0

log N(r)
.
logr

(2)

3. Results
3.1. Yield Stress in the Primary and Secondary Broken Phases.
The Bingham model was used to ﬁt the measurement results
of the rheometer to obtain the yield stress of the slurry in the
four diﬀerent phases. They were the ﬁrst phase (primary
ﬂocculation phase), the second phase (primary broken
phase), the third phase (secondary ﬂocculation phase), and
the fourth phase (secondary broken phase), and the calculated coeﬃcient of determination R2 was >0.95, which
shows that the Bingham model can accurately reﬂect the
change of the rheological properties in diﬀerent phases.
The variation of yield stress in the primary ﬂocculation
and primary broken phases with a shear rate under diﬀerent
shearing time is shown in Figure 3. In the primary broken
phase, the yield stress gradually decreased with the increase
of shear rate and shear time and the minimum value was
about 80% of the yield stress without shear disruption. The
increase of shear rate led to a more signiﬁcant decrease in
yield stress than that of shear time. The failure of the ﬂoc
network structure was a possible reason for this

phenomenon. The increasing shear action aggravated the
disruption of the ﬂoc network structure, resulting in the
continuous reduction of the yield stress in the broken phase.
In addition, the increasing shear rate could overcome the
stronger internal eﬀect of ﬂoc structure and change the
failure mode of ﬂoc structure, while the increase of shear
time could enlarge the damage degree of ﬂoc structure.
As shown in Figures 4(a)–4(d), in the primary and
secondary broken phases, the yield stress obviously decreased with the increase of shear rate and shear time.
However, the yield stress in the secondary broken phase
decreased more slowly than that in the primary broken
phase. Taking Figure 4(d) as an example, when the shear
time was 240 s, with the increase of shear rate from 200 s−1 to
400 s−1, the yield stress in the primary broken phase decreased by 3.5 Pa, while that in the secondary broken phase
decreased by 1.5 Pa.
In addition, the yield stress in the secondary broken
phase was always larger than that in the primary broken
phase and the gap became smaller with the increase of shear
rate and shear time. In other words, secondary ﬂocculation
increased the yield stress and shear resistance of the slurry.
This could be explained by the increase of the ﬂoc strength
and the density of ﬂoc structure in the secondary ﬂocculation process, which will be further analyzed in Sections 3.3
and 3.4. Furthermore, with the increase of shear action, the
smaller gap of the yield stress between the primary broken
phase and the secondary broken phase indicated that the
stronger shear resistance of the secondary ﬂocculation slurry
was more obvious under low shear action and it was
weakened under high shear action.
For dual polymer systems, the product of shear rate and
shear time is regarded as the index of shear action because it
is closely related to the rate of orthokinetic ﬂocculation,
which has a direct impact on the ﬂocculation eﬀect [13, 14].
Therefore, in this paper, the product of shear rate and shear
time was used as a shear index to explore the variation of
yield stress in the primary broken and secondary broken
phases.
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Figure 3: The variation of yield stress with shear rate during diﬀerent shear times in the primary ﬂocculation and primary broken phases.
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Figure 4: The variation of yield stress with shear rate during diﬀerent shear times in the primary broken and secondary broken phases.
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Figure 5: The variation of yield stress with the product of shear rate
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As shown in Figure 5, the yield stress in the primary and
secondary broken phases showed a similar change trend, but
the value in the secondary broken phase was always higher
than that in the primary broken phase. When the product of
shear rate and shear time was between 0 and 100,000, the
yield stress in the primary broken and secondary broken
phases decreased signiﬁcantly. When the value was higher
than 100,000, the yield stress in the two broken phases
tended to be stable. The probable reason for this phenomenon was the shear was easier to overcome the weak connections of ﬂoc structure, and it had a more obvious eﬀect on
the yield stress of slurry. The higher yield stress in the

3.2. Floc Size in the Two-Step Flocculation. The variation of
average ﬂoc size in the primary ﬂocculation and primary
broken phases with a shear rate under diﬀerent shearing time
is shown in Figure 6. In the primary broken phase, the average
ﬂoc size gradually decreased with the increase of shear rate
and shear time, and the minimum value was about 80% of the
average ﬂoc size without shear disruption in the primary
ﬂocculation phase. The increase of shear rate led to a more
signiﬁcant decrease in yield stress than that of shear time.
The possible reason for this phenomenon was that the
complete ﬂoc network structure formed in the primary
ﬂocculation phase was too loose. There were some weak
connections in the primary ﬂoc network structure, so the
shear resistance of the whole structure was low. In the
primary broken phase, even in the face of low shear, the
structural integrity was signiﬁcantly damaged, which led to
the average ﬂoc size decreasing rapidly.
As shown in Figure 7, compared with the primary ﬂoc,
the average size of secondary ﬂoc increased signiﬁcantly. In
the secondary broken phase, with the increase of shear rate
and shear time, the average size of secondary ﬂoc also decreased gradually, but the size of secondary broken ﬂoc after
shear was still larger than that of primarily broken ﬂoc. The
minimum size of the secondary broken ﬂoc was 83% of the
secondary ﬂoc without shear failure. In other words, secondary ﬂocs had higher ﬂoc strength. This may be because in
the primary broken phase, the shear action destroyed the
weak connection parts in the loose primary ﬂoc network
structure, and the internal eﬀect of the remaining ﬂocs was
strong. At the same time, the secondary ﬂocculation

Advances in Materials Science and Engineering

7
95

85

90
Average ﬂoc size (μm)

Average ﬂoc size (μm)

80

75

70

65

80
75
70
65
60

60
0

200

400
600
Shear rate (s–1)

800

1000

0

50000
100000
150000
Product of shear rate and shear time

200000

Primary broken data

Primary ﬂocculation phase
Primary broken phase (t = 30 s)
Primary broken phase (t = 60 s)
Primary broken phase (t = 120 s)
Primary broken phase (t = 240 s)

Secondary broken data
Fitting curve of primary broken phase
Fitting curve of secondary broken phase

Figure 6: The variation of average ﬂoc size with shear rate during
diﬀerent shear times in the primary ﬂocculation and primary
broken phases.

95
90
Average ﬂoc size (μm)

85

85
80
75

Figure 8: The variation of average ﬂoc size with a product of shear
rate and shear time in the primary and secondary broken phases.

consistent with that of yield stress. The average ﬂoc size in
the two broken phases decreased rapidly and then tended to
be stable when the product of shear rate and shear time was
higher than 100,000. The average ﬂoc size decreased rapidly
probably because lower shear overcame weaker connections
of ﬂoc structure, which caused a large-scale structural
fracture of ﬂoc structure, the integrity of the ﬂoc network
structure was signiﬁcantly damaged. In addition, the average
ﬂoc size in the secondary broken phase was also always
higher than that in the primary broken phase. It means that
the strength of the secondary ﬂoc was higher than that of the
primary ﬂoc.
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produced a dense structure, which not only increased the
shear resistance of the whole structure but also increased the
strength of the internal ﬂocs.
As shown in Figure 8, with the increase of the product of
shear rate and shear time, the change trend of the average
ﬂoc size in the primary and secondary broken phases was

3.3. Floc Strength Factor in the Primary and Secondary Broken
Phases. According to equation (1), the ﬂoc strength factors
were calculated using the results of the average ﬂoc sizes. As
shown in Figure 9, the secondary ﬂoc strength factors were
always larger than the primary ones and the gap became
smaller with the increase of shear rate and shear time. In
other words, both the shear disruption prior to the secondary ﬂocculation and secondary ﬂocculation process
enhanced the ﬂoc shear resistance and formed the stronger
secondary ﬂocs.
With the increase of shear disruption, the primary and
secondary ﬂoc strength factors decreased gradually and
ﬁnally tended to be stable. The variation of the ﬂoc strength
factors could be explained by analyzing the change of the
average ﬂoc sizes. As shown in Figures 6 and 7, the difference between the average sizes of the ﬂocs and the
broken ﬂocs in the primary ﬂocculation process was always
larger than that in the secondary ﬂocculation process. It led
to the secondary ﬂoc strength factors being larger than the
primary ones. In addition, secondary ﬂocculation enhanced the ﬂoc sizes and further widened the diﬀerence
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Figure 9: The variation of ﬂoc strength factor with shear rate during diﬀerent shear times in the primary broken and secondary broken phases.

between the ﬂoc strength factors in the primary and secondary broken phases.
The variation of ﬂoc strength factors with the product of
shear rate and shear time in the primary and secondary
broken phases is shown in Figure 10. When the product of
shear rate and shear time was between 0 and 100,000, the
ﬂoc strength factors decreased signiﬁcantly. When the
value was higher than 100,000, the ﬂoc strength factors
tended to be stable. The secondary ﬂoc strength factors
were always larger than the primary ones, and the gap
became smaller under higher shear. The variation of ﬂoc
strength could also be explained by the failure mode of ﬂoc
structure under shear and the strengthening ﬂoc in the
secondary ﬂocculation.

It is worth mentioning that the variation of yield stress,
ﬂoc size, and ﬂoc strength with the product of shear rate and
shear time in the primary and secondary broken phases
being basically consistent (Figures 5, 8, and 10). Their inﬂection points from a rapid decrease to stabilization were all
around the product value of 100,000. This could be explained
by the increase of the strength of ﬂoc or ﬂoc structure in the
secondary ﬂocculation process. The strengthening eﬀect was
more obvious under lower shear stress. According to the
deﬁnition of ﬂoc strength, the change of ﬂoc size was the
reason for the change of ﬂoc strength. In other words,
secondary ﬂocculation increased the yield stress of the slurry
by enhancing the ﬂoc strength. However, the change of the
ﬂoc strength was not the only reason for the variation of the
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Figure 10: The variation of ﬂoc strength factor with the product of shear rate and shear time in the primary and secondary broken phases.
2.50

3.4. Floc Fractal Dimension in the Two-Step Flocculation.
With the help of the box counting dimension method, the
fractal dimensions of ﬂoc structure were calculated in the
two-step ﬂocculation experiments. The curve of the shearing
time of 120 s was taken as an example. The variation of
fractal dimensions of ﬂoc structure with the increase of shear
rate and shear time was shown in Figure 11. Compared with
the primary and secondary ﬂocculation, the secondary ﬂoc
fractal dimensions were all higher than the primary ones.
Similarly, the fractal dimensions of the secondary broken
ﬂoc were also higher than those of the primary broken ones.
In addition, under higher shear, the diﬀerence between the
fractal dimension in the primary (broken) and secondary
(broken) phases became smaller.
As shown in Figure 12, the ﬂoc structure in diﬀerent
phases was signiﬁcantly diﬀerent. In the primary ﬂocculation phase, there were many “cavities” in the ﬂoc network
structure, which led to loose ﬂoc structure, low shear
strength, and small fractal dimension. In the primary broken
phase, shear destroyed the ﬂoc structure and produced a
large number of small ﬂocs. In the secondary ﬂocculation
phase, the ﬂoc size increased signiﬁcantly, the structure
became more compact, which led to high ﬂoc strength and
large fractal dimensions. In the secondary broken phase,
under the same shear action, the scale of broken ﬂoc
structure was smaller and the sizes of broken ﬂocs were
larger compared with the primary broken phase.
As shown in Figure 13, in the primary and secondary
broken phases, the change trend of fractal dimension of ﬂoc
structure was consistent with that of yield stress with the
increase of shear rate and shear time. In other words, the
variation of the ﬂoc fractal dimension could also be another
reason for the change of yield stress in the two-step

2.25

Floc fractal dimension

yield stress. It was also related to the ﬂoc network structure,
which will be explained in Section 3.4.
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Figure 11: The variation of ﬂoc fractal dimension with a shear rate
in the four phases (shear time � 120 s).

ﬂocculation. Therefore, secondary ﬂocculation increased the
yield stress of the slurry by enhancing the ﬂoc strength and
the density of the ﬂoc structure.
3.5. Discussion. Through analyzing the variation of yield
stress, ﬂoc size, ﬂoc strength, and fractal structure with the
increase of shear rate and shear time, comparing the
change rule of the above parameters in the primary broken
phase with that in the secondary broken phase, it is found
that the secondary ﬂocculation slurry had better shear
resistance. This may be because of the following
(Figure 14):
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Figure 12: The SEM of ﬂoc structure in the four phases (shear rate � 400 s
broken, (c) secondary ﬂocculation, and (d) secondary broken.

−1

and shear time � 120 s): (a) primary ﬂocculation, (b) primary
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Figure 13: The variation of ﬂoc fractal dimension with the product of
shear rate and shear time in the primary and secondary broken phases.

Figure 14: A schematic for the variation of shear-dependent yield
stress with shear in the two-step ﬂocculation process.

(1) The addition of primary ﬂocculant increased the
number of binding sites on the surface of tailings
particles; in the primary broken phase, shear

disruption promoted the release of binding sites on
the surface of broken ﬂocs. Therefore, in the secondary ﬂocculation phase, the binding probability of
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broken ﬂocs and secondary ﬂocculant molecules
increased.
(2) In this experiment, the anionic ﬂocculant was used as
the primary ﬂocculant, and the cationic ﬂocculant
was used as the secondary ﬂocculant. Through the
electric neutralization of the two kinds of ﬂocculants,
secondary ﬂocculation formed a more compact ﬂoc
network structure. Compared with the primary ﬂoc
network structure formed by bridging, the internal
force of the secondary ﬂoc network structure was
stronger which showed stronger shear resistance.
(3) The steric hindrance eﬀect of the two polymeric
ﬂocculants gave them higher bridging probability,
which was conducive to the formation of dense ﬂoc
network structure.

4. Conclusions
The variation of the yield stress, the ﬂoc strength factor, and
the fractal dimension of the iron ore ﬁne tailings under
diﬀerent shear conditions in a two-step ﬂocculation process
was studied in the research through analyzing the change of
ﬂoc network structure and ﬂoc size distribution. The main
conclusions are as follows:
(1) Shear destroyed the ﬂoc network structure, so the
yield stress gradually decreased with the increase of
shear rate and shear time in the primary and secondary broken phases. Secondary ﬂocculation increased the yield stress, so the yield stress in the
secondary ﬂocculation phase was always higher than
that in the primary ﬂocculation phase. However,
with the increase of shear action, the gap of the yield
stress reduced in the two broken phases.
(2) Shear disruption decreased the average ﬂoc size and
further decreased the ﬂoc strength factors in the
broken phases. Secondary ﬂocculation increased
the ﬂoc strength. However, under high shear disruption, the diﬀerence between ﬂoc size and ﬂoc
strength in the primary and secondary broken
phases was small.
(3) The ﬂoc structure and its fractal dimensions in the
four diﬀerent phases were compared. It is found that
the loose primary ﬂoc structure was the internal
cause of its low shear resistance. Therefore, the sizes
of the primarily broken ﬂocs were smaller. Secondary
ﬂocculation enhanced the density of the ﬂoc structure, and the fractal dimensions were also larger.
(4) Through analyzing the variation of the yield stress,
the ﬂoc strength factor, and the ﬂoc fractal dimension under diﬀerent shearing conditions, it is found
that their variation trend was essentially similar to
the increase of shear. In other words, it can be
considered that secondary ﬂocculation increased the
yield stress of the slurry by enhancing the density of
the ﬂoc network structure and the ﬂoc strength.
(5) The internal reasons for the stronger shear resistance
of the secondary ﬂocculating slurry were the increase
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of the number of binding sites, the electric neutralization between the two ﬂocculants, and the steric
hindrance eﬀect of the ﬂocculants.
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