
Research Article
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Taking the superfine tailings slurry (STS), fine tailings slurry (FTS), and unclassified tailings slurry (UTS) of a gold mine as examples,
a series of laboratory shear tests were conducted to investigate the effect of anionic polyacrylamide (APAM) on the structural stability
of the thickened tailings slurry in pipeline transportation. Experimental results showed that the FTS andUTS had shear-thinning and
shear-thickening characteristics in the constant shear tests, respectively. After addition of APAM, when the shear rate was 30 s−1,
standard deviations of apparent viscosity of FTS, UTS, and STS were 66.67%, 61.40%, and 35.33% lower, respectively. APAM
enhances the strength of the flocculent structures, inhibits the hindered settling of the coarse-particle tailings, improves the structure
stability of the solid particles on the structural plane, and assists pipeline transportation of the thickened tailings slurry.

1. Introduction

,e pipeline transportation of tailings slurries has been
a fast, environment-friendly, and economic choice for many
mines around the world.,e tailings slurries usually contain
significant fractions of fine and coarse particles, causing
them to exhibit non-Newtonian flow behavior and high
frictional pressure gradients [1]. Due to the high capital and
operation costs of positive displacement pumps for trans-
porting tailings, it is of great significance to optimize the
properties of tailings slurries so that they are sufficiently
pumpable and flowable.

Flocculation is an important stage in the filtered tailings
disposal process and is a necessary procedure in tailings
thickening to enable the rapid settling of fine tailings par-
ticles [2]. Commonly used flocculants in tailings thickening
include inorganic flocculants, organic polymer flocculants,
microbial flocculants, and coagulant agents [3]. Flocculation
is a complex physical and chemical reaction and involves
charge neutralization, amphipathic adsorption, and selective
agglomeration [4]. As a result, most of the flocculants bond
with tailings particles and exist in the thickened tailings

slurry, which changes the internal structures and affects the
rheological characteristics of the slurry during pipeline
transportation. ,erefore, investigation into the mechanism
of the flocculent effect on the characteristics of the thickened
tailings slurry is important in order to complete its pipeline
transportation theory.

In previous studies, the effects of flocculants on struc-
tural stability were ignored, and thickened tailings slurries
were simplified as Bingham plastic fluid in pipeline trans-
portation, whose flow properties were time-independent [5].
However, an increasing number of studies have found that
this does not appear to be the case. Pornillos found that the
yield stress and viscosity of Pd-Zn thickened tailings slurry
decrease as the shear time increases and eventually stabilize
[6]. Autier analyzed the effect of polycarboxylate on particle
dispersion in cement paste using scanning electron mi-
croscopy and laser granulometry [7]. Yang et al. evaluated
the dynamic damage and recovery process of flocculent
structures and derived a high-precision time-varying hy-
draulic gradient model [8]. ,e above studies have achieved
significant breakthroughs in exploring the effect of floccu-
lants on the rheological characteristics of thickened tailings
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slurries. However, the effect of flocculants on the structural
stability of thickened tailings slurries in pipeline trans-
portation still needs further exploration.

Anionic polyacrylamide (APAM) is a widely used or-
ganic polymer flocculent in tailings thickening and shows
good performance and high efficiency at low cost, partic-
ularly in the treatment of fine particles [9, 10]. For thickened
tailings slurries in pipeline transportation, groups of shear
tests were conducted, and the variation curves of rheological
parameters were obtained. Fitted curves for flocculent
structures against the apparent viscosity were plotted, em-
pirical expressions for these curves were calculated by re-
gressive analysis, and the effect of APAM on the structural
stability of thickened tailings slurries was analyzed.

2. Experiments

2.1. Materials. ,e material used in this study was the un-
classified tailings slurry (UTS) disposed directly from a gold
mine. ,e particle size distribution was analyzed using laser
granulometry (Winner, China). A hydrocyclone can classify
or separate solid grain from liquid and is widely used in metal
mines [11]. Using a hydrocyclone, we obtained the superfine
tailings slurry (STS) from the overflow and the fine tailings
slurry (FTS) from the underflow. All three tailings slurries
contained a specific amount of fine particles. STSwas classified
as superfine as 55% of the content was smaller than 19 μm.,e
UTS and FTS were classified as fine as the contents of particles
smaller than 37μm were 38.21% and 54.82%, respectively.

APAM used in this study was purchased from Xinyu
Chemical Co., Ltd., Zhengzhou, China. APAM with an
ionizability of 30% and molecular weight of 12 million
Dalton showed excellent adaptability to fine tailings and was
selected as the flocculent additive. ,e APAM had a charge
density of APAM 0.19mmol/g, and the molecular structure
is given in Figure 1 [12].

,e positively charged tailings are neutralized by anions
after the APAM is uniformlymixed, which weakens the strong
repulsive interactions of the tailings [13]. ,e active groups
and the colloids on the polymer chain connect via ionic bonds,
hydrogen bonds, and electrostatic attraction, forming flocs by
bridging and finally developing into flocculent structures [14].
,ickened tailings slurries in pipeline transportation form
flocculent structures that are unstable and can not only be
stretched or damaged by the continuous shearing force from
the pipe wall but also lapped or recombined by bridging [15].

2.2. Experimental Procedure. After a series of static floc-
culating tests in the laboratory, the optimal APAM dosages
of STS, UTS, and FTS were 50 g·t−1, 40 g·t−1, and 25 g·t−1,
respectively. ,e optimal APAM solution was evenly mixed
with the tailing slurry in advance, and the thickened tailings
slurry was obtained in the underflow of measuring cylinders.
,e underflow mass concentration of thickened STS, UTS,
and FTS was 53%, 60%, and 66%, respectively.

,e HAAKE VT550 rotational viscometer, which was
highly accurate in recording slight changes, was used for
the laboratory shear tests [16]. ,e six prepared slurries,

thickened STS, UTS, and FTS with optimal APAM dosages
or without APAM addition, were placed in 500mL beakers
with a total mass of approximately 900 g.,e beakers were at
room temperature for constant shear rheological testing.
According to the common shear rate provided by the pipe
wall in pipeline transportation, the shear rates were set at 10,
30, 50, and 70 s−1, the shearing time was 600 s, and shearing
data were recorded every 6 s.

By using the Zetasizer Nano-ZEN3600, the zeta potential
tests were done with optimal APAM dosages or without
APAM addition on 100mL of the six prepared slurries. After
being mixed with a magnetic stirrer at 500 rpm for 15min in
a 125mL beaker with an internal diameter of 5 cm, the
electrophoretic mobility measurements were done on
samples collected during mechanical mixing.

2.3. Definitions. ,e structural stability of thickened tailings
slurry is highly associated with the composition of its grain
diameters. Considering that the changes in apparent vis-
cosity in shear tests are a consequence of different particle
sizes, these can be seen as the main indicator of structural
stability. ΔηJt is defined as the quantity of flocculants that
affects the apparent viscosity and can be expressed as

ΔηJt � ηJt − ηt, (1)

where ηJt (Pa·s) is the apparent viscosity after flocculent
addition at time t and ηt (Pa·s) is the apparent viscosity
before flocculent addition at time t.

,e regression analysis of ΔηJt obtained from the tests
can generate its fitting function ΔηJCt, and the quantity of
flocculants that affects the apparent viscosity, ΔηJCb, can be
expressed as

ΔηJCb � lim
t→∞
ΔηJCt. (2)

Standard deviations σ and σJ were used to express the
structural stability of thickened tailings slurry before and after
flocculent addition and is described in the following equation:
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Figure 1: Molecular structure of APAM.
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where ηCt and ηJCt (Pa·s) are the apparent viscosities of the
corresponding 
tting functions before and after �occulent
addition at time t, respectively and ηt and ηJt (Pa·s) are the
measured apparent viscosities before and after �occulent
addition at time t, respectively. If σJ > σ, the �occulent
structures reduce the structural stability; if σJ < σ, the �oc-
culent structures enhance the structural stability.

�e Zetasizer Nano uses electrophoresis to determine
this potential. �e electrophoretic mobility is related to the
zeta potential of the particles by the Henry equation,
Ohshima’s approximation, and Smoluchwski’s formula
[17, 18]:

ζ � μe
η
ε

1
f(k · r)

, (4)

where ζ is the zeta potential (mV) and f(k · r) is the Henry
correction factor. It depends on the size of the particles, their

form factor, and the ionic strength of the environment by
taking into account the thickness of the di�use layer (1/k).

3. Results and Discussion

3.1. Results of Shear Tests. �e dependence of the apparent
viscosity of tested slurries on time was obtained and is shown
in Figure 2.�e properties of these slurries were signi
cantly
di�erent from each other. As we can see from Figure 2(a),
the FTS showed shear-thinning characteristics in the con-
stant shear tests. When the shear rate was 10 s−1, the ap-
parent viscosity of FTS with APAM addition decreased from
5.05 Pa·s to 2.73 Pa·s, while that of FTS without APAM
addition decreased from 3.72 Pa·s to 2.33 Pa·s. �ey then
gradually stabilized and acquired steady values. Similar
behaviors were observed at other shear rates. However, the
UTS showed shear-thickening characteristics, as its apparent
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Figure 2: Changes of apparent viscosity: (a) FTS; (b) UTS; (c) STS (N means no APAM addition; Y means with optimal APAM addition).
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viscosity increased gradually with shear time (Figure 2(b)).
,e increasing range of apparent viscosity was 5.1–7.4%
when the shear rate was 10 s−1, and it decreased to about 1%
when the shear rate was 70 s−1. In addition, the apparent
viscosity of STS was relatively stable in the constant shear
tests as its range was within ±2% (Figure 2(c)).

3.2. Effect of APAM on ΔηJt. Combined with the apparent
viscosity-time curves, the dependence of the relative vari-
ation ΔηJt of slurries with addition of APAM was obtained.
,e regression analysis provided the fitting curves of ΔηJCt at
different shear rates (Figure 3). Considering that the partial
data were relatively discrete in the 0∼300 s segment, some
curves were regressed from the 300∼600 s segment.

As can be seen from Figure 3(a), ΔηJt of FTS decreased
gradually with the shear time, and the greater the shear rate,
the lower the decline of ΔηJt is. For example, when the shear

rate was 10 s−1, ΔηJt decreased from 41.43% to the stabilized
value of 13.34%, while ΔηJt decreased by only 11.20% when
the shear rate was 70 s−1. However, ΔηJt of UTS showed
relatively complex tendency to vary.When the shear rate was
50 s−1, ΔηJt decreased rapidly from 4.29% to −0.61% (Figure
3(b)), while the variation of ΔηJt showed no obvious pattern
at other shear rates. For STS, ΔηJt increased after slightly
decreasing. When the shear rate was 10 s−1, ΔηJt decreased
from −14.37% to −16.04% and then slowly increased to the
stabilized value of −14.43%, while ΔηJt fluctuated within
−12.93± 1% with a shear rate of 30 s−1 (Figure 3(c)).

3.3. Effect of APAM on ΔηJCb. ,e stabilized values of ΔηJCb

at different shear rates were obtained from the limit value
of ΔηJCt from fitting curves, as shown in Figure 4.

APAM made the apparent viscosity of FTS change from
a positive to a negative effect. ΔηJCb decreased from 14.05%
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Figure 3: Varying tendency of ΔηJCt with shear time: (a) FTS; (b) UTS; (c) STS.
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to −2.73% when the shear rate increased from 10 s−1 to
70 s−1. For UTS, APAM had a complex effect on the values of
ΔηJCb, causing them to rise initially, then decrease, and rise
again. ,e tendency of ΔηJCb to vary for STS rose gradually
with the shear rate and approached zero when the shear rate
was 70 s−1.

3.4. Effect of APAM on σ. ,e addition of APAM caused the
long molecular chains to affect the relative movements of
tailings particles, which further affected the structural sta-
bility of the tailings slurry [19]. By calculating the standard
deviations of the apparent viscosity in the shear tests, the
dependence of apparent viscosity fluctuation on time, before
and after addition of APAM, reflected the changes in
structural stability. From Figure 2 and (3), the standard
deviations, σ, before and after addition of APAM, were
calculated (Figure 5).

As we can see from Figure 5, σ of the thickened tailings
slurry decreased gradually with increasing shear rate. When
the shear rate increased from 10 s−1 to 70 s−1, σ of STS de-
creased from 0.0734Pa·s to 0.0071 Pa·s, and σ of FTS andUTS
showed similar behaviors. After addition of APAM addition,
the σJ values decreased and showed better structural stability.
For example, when the shear rate was 30 s−1, σJ values for FTS,
UTS, and STS were 66.67%, 61.40%, and 35.33% lower, re-
spectively. Given the above condition, the fluctuation of the
apparent viscosity of slurries decreased and the structural
stability improved after addition of APAM.

4. Mechanism Analysis

,e hindered settling of coarse particles in tailings slurries
can cause instability in transportation, for example, pipe
blockage and erosive wear [20]. In addition to the effects of
gravity and buoyancy from these coarse particles, me-
chanical and media resistance from other particles is also

observed [21]. After the addition of APAM, the structural
strength of long molecular chains is high, and the com-
pressibility of bond water is low. ,e relative movements
between particles are limited, and the relative stability of
solid particles on the structural plane increases. As a result,
there is a more even distribution of particles in the vertical
plane, the grain structure has improved resistance to dis-
location deformation, and the hindered settling rate of
coarse particles decreases. ,e mechanism of action of
APAM on the structural stability of the thickened tailings
slurry is shown in Figure 6.

Before addition of APAM, parts of the fine-particle
tailings form small aggregates under the weak effect of
compressed electrical double layers. A large amount of free
water exists in the gaps, and the flocculent structures are very
fragile (Figure 6(a)). After addition of APAM, long molecular
chains of APAM are absorbed onto the surface of the fine
particles and form large, strong flocculent structures [22].
,en, free water is converted into bound water and inhibits
the hindered settling of the coarse particles and flocculent
structures (Figure 6(b)). As a result, the structural stability of
the thickened tailings slurry is improved, and the fluctuation
of the apparent viscosities of slurries is decreased. Under
continued shearing force from the pipe wall in pipeline
transportation, small, weak aggregates are easily damaged,
which decreases the structural stability of the tailings slurry
(Figure 6(c)). Despite the damage caused to flocculent
structures from shear stress, the bonding force between active
groups on the polymer chain and the fine tailings particles is
strong, and the reduction in structural strength is less than
that without addition of APAM. ,erefore, the flocculent
structures can still inhibit the hindered settling of coarse
particles and improve the structural stability of the thickened
tailings slurry (Figure 6(d)).

Results of the zeta potential tests are shown in Figure 7. As
the tested tailings slurries are both abundant in electropositive
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slimes and ultra
ne tailings, like charges repel, the strong
electrostatic repulsion between the ultra
ne particles cause
high zeta potentials. After APAM was added and uniformly
mixed, the strong positively charged ultra
ne particles will be
neutralized by anions. As a result, the strong repulsive in-
teractions will be weak, the thick hydration shells will be thin,
and the zeta potentials will be low. �en, the tailings slurry
with APAM addition shows better structure stability than
before.

5. Conclusions

(1) Charge neutralization and bridging constitute the
main mechanisms of action of APAM. Flocculent
structures can not only be lapped and recombined

through �occulent bridging but also stretched or
damaged by shearing force from the pipe wall.
�erefore, thickened tailings slurries in pipeline
transportation are consistent with a time-varying
rheological model as opposed to a Bingham model.

(2) After addition of APAM, with a shear rate of 10 s−1,
the apparent viscosity of FTS decreased from
5.05 Pa·s to 2.73 Pa·s, the increasing range of UTS
was 5.1–7.4%, and that of STS was relatively stable.
FTS and UTS showed shear-thinning and shear-
thickening characteristics in the constant shear
tests, respectively.

(3) σ of the thickened tailings slurry decreased gradually
as the shear rate increased. After addition of APAM,
when the shear rate was 30 s−1, σJ values for FTS,
UTS, and STS were 66.67%, 61.40%, and 35.33%
lower, respectively. �e �uctuation of the apparent
viscosity of the slurries decreased, and the structural
stability improved after addition of APAM.

(4) APAM enhanced the strength of the �occulent
structures, inhibited the hindered settling of the
coarse-particle tailings, improved the structural
stability of the solid particles in the structural plane,
and assisted pipeline transportation of the thickened
tailings slurry.

Conflicts of Interest

�e authors declare that they have no con�icts of interest.

Acknowledgments

�e authors thank the 
nancial supports from the National
Key R&DProgram of China (2017YFC0804605), the Doctoral

Tailings

Free water

APAM addition

Bound water
Adsorbed layer

Fine particles
adsorbed with

APAM

Coarse particles without
APAM adsorption

 Flocculant structures

Shear stress

Destruction

Shearing 
force from
pipe wall

Shearing 
force from
pipe wall

Gravity

APAM addition

Shear stress

Destruction

Gravity

Gravity
Gravity

Gravity

(a) (b)

(c) (d)

Figure 6: Evolution diagram of the action mechanism of APAM: (a) without shear stress and APAM addition; (b) without shear stress but
with APAM addition; (c) under shear stress but without APAM addition; (d) under shear stress and with APAM addition.

32.2

37.3
39.5

26.1
22.9

30.2

0

10

20

30

40

50

FTS UTS STS

Ze
ta

 p
ot

en
tia

l (
m

V
)

H
. O

hs
hi

m
a’s

 ap
pr

ox
im

at
io

n

Without APAM addition
APAM addition

Figure 7: Results of the zeta potential tests based on H. Ohshima’s
approximation.

6 Advances in Materials Science and Engineering



Startup Fund of Jiangxi University of Science and Technology
(jxxjbs17011), and the National Natural Science Foundation
of China (51304083).

References

[1] R. Jewell and A. Fourie, Paste and6ickened Tailings, A Guide,
Australian Centre for Geomechanics, Perth, WA, Australia,
3rd edition, 2015.

[2] L. I. Shuai, X. Wang, Q. Zhang et al., “Dynamic experiments
on flocculation and sedimentation of argillized ultrafine
tailings using fly-ash-based magnetic coagulant,” Transactions
of Nonferrous Metals Society of China, vol. 26, no. 7,
pp. 1975–1984, 2016.

[3] K. A. S. Meraz, S. M. P. Vargas, J. T. L. Maldonado et al., “Eco-
friendly innovation for nejayote coagulation–flocculation
process using chitosan: evaluation through zeta potential
measurements,” Chemical Engineering Journal, vol. 284,
pp. 536–542, 2016.

[4] S. Li and X.-M. Wang, “Fly-ash-based magnetic coagulant for
rapid sedimentation of electronegative slimes and ultrafine
tailings,” Powder Technology, vol. 303, pp. 20–26, 2016.

[5] X.Wang, J. Zhao, J. Xue et al., “Features of pipe transportation
of paste-like backfilling in deep mine,” Journal of Central
South University of Technology, vol. 18, no. 5, pp. 1413–1417,
2011.

[6] E. U. Pornillos, “A technique for measuring the reduction of
yield stress of thickened tailings,” in Proceedings of the 14th
International Seminar on Paste and 6ickened Tailings,
pp. 167–173, Perth, WA, Australia, April 2011.

[7] C. Autier, N. Azema, J. M. Taulemesse, and L. Clerc, “Mes-
ostructure evolution of cement pastes with addition of
superplasticizers highlighted by dispersion indices,” Powder
Technology, vol. 249, no. 11, pp. 282–289, 2013.

[8] L. Yang, S. Li, and X.-M. Wang, “Time-varying hydraulic
gradient model of paste-like tailings in long-distance pipeline
transportation,” Advances in Materials Science and Engi-
neering, vol. 2017, Article ID 5276431, 8 pages, 2017.

[9] R. Zhang, S. Yuan, W. Shi et al., “,e impact of anionic
polyacrylamide (APAM) on ultrafiltration efficiency in
flocculation-ultrafiltration process,” Water Science and
Technology, vol. 75, no. 8, pp. 1982–1989, 2017.

[10] L. Feng, H. Zheng, B. Gao et al., “Fabricating an anionic
polyacrylamide (APAM) with an anionic block structure for
high turbidity water separation and purification,” RSC Ad-
vances, vol. 7, no. 46, pp. 28918–28930, 2017.

[11] P. Gonzales, O. Felix, C. Alexander, E. Lutz, W. Ela, and
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