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At constant shear rate, the process of deformation of the paste slurry is divided into two stages: one is the initial structural failure
process with increasing shear stress; the other is the thixotropic process with decreasing shear stress after yielding. Based on
experiments, the mechanical response characteristics of the paste slurry in the initial structural failure process under different
shear rate conditions were studied in this paper. At the same time, according to the Maxwell model, the stress-time model
equation describing the initial structure failure stage of the paste was deduced and the constant shearing test was carried out on the
paste slurry at different mass concentrations; the model equation was used to fit the test data of the initial stress increment stage.
*e results showed that the model equation had higher prediction accuracy and better popularity. In the initial structural failure
stage, the paste had a nonlinear stress-time relationship. At different shear rates (0.05, 0.5, and 1 s− 1), the lower the rotation speed,
the smoother the curve, and the slurry at various stages in the yielding process could be more clearly reflected; in the range of low
constant shear rate (0.03, 0.05, and 0.07 s− 1), the initial stress and yield stress of the paste increased with the increase of shear rate at
the same mass concentration, and the time to yield was shorter. *e yield stress increased exponentially with mass concentration.

1. Introduction

*efillingminingmethod backfills the surface-stacked waste
into underground treatment empty areas and has become
the safest, most efficient, and environmentally friendly
mining method for the mine. Paste filling has the charac-
teristics of nonsegregation, nonprecipitation, non-
dehydration, large filling capacity, and low filling cost and is
an important direction for China’s mining development and
has broad application prospects [1, 2].

During the filling process, pipeline accidents caused
stoppages or planned stops occasionally. When the paste
slurry is at rest, the hydration hardening effect of the cement
is gradually enhanced and the internal floc structure is
gradually developed.*e hydration product closely connects
the inert tailings particles to form a spatial network structure
with a certain strength; the system resists external distur-
bance is gradually enhanced, causing the paste slurry to lose

fluidity as a whole, exhibiting a solid-like character [3]. *e
pressure required to restart the pipeline transportation is
bound to be higher than the normal pipeline delivery
pressure and even a pipe burst accident. *erefore, studying
the mechanical response characteristics of structural failure
during the initial startup of paste slurry can provide theo-
retical guidance for pipeline design and is very beneficial for
ensuring pipeline safety and economic operation.

*e predecessors have conducted a lot of research on the
pipeline transportation process during the filling process.
Pullum [4] according to the mode of transport of the slurry in
the pipeline divided them into three modes: homogeneous
flows, hybrid flows, and granular flows. Yao [5] combined
with the flow characteristics of the paste in the pipe and
proposed the concept of structural flow. In the aspect of the
resistance prediction model, based on diffusion theory,
gravity theory, and energy theory [6], the researchers pro-
posed Jinchuan formula, Durand formula [7], and
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Buckingham formula derived from non-Newtonian fluid
mechanics [8]. In recent years, some scholars have obtained
the corresponding resistance calculation model according to
the characteristics of the paste structural flow and the analysis
of the flow force state in the pipe based on the Bingham
rheological model [9]. Haimoni [10] combined rheology with
experimental tests and proposed a method for predicting pipe
flow resistance considering time variation and wall-slip
characteristics.

However, most of these models were based on the
thixotropic rheological equation which focused on the
structural breakdown process after the yield of the paste
slurry and derived the corresponding resistance calculation
formula; there was little research on the initial structural
failure process of yielding. *is paper was based on the
experiments and qualitative and quantitative analyses of the
mechanical response characteristics in the initial structural
failure process of the paste.

2. Paddle Rheometer Principle and
Measurement Method

*e paddle rheometer test principle is shown in Figure 1.
Since the yield occurred near the cylindrical surface gen-
erated by the rotation of the vane rotor and the yielding was
the slurry itself, the wall-slip effect was avoided [11, 12]. *e
vane needed to overcome the yield stress of the slurry to
rotate, the rotation caused the slurry in a certain area to
shear, and the yield area along the cylindrical surface was
πdh + 2(πd2/4). It was assumed that the shear stress was
evenly distributed anywhere on the cylinder and equal to the
yield stress (τy) when the torque was maximum (Tm). At this
time, the relationship between shear stress and torque was as
follows [13]:

T �
πd3

2
h

d
+
1
3

 τ, (1)

where T is the torque applied to the vane, N · m; τ is the
shear stress, pa; d is the diameter of the vane, m; and h is the
vane height, m.

In order to eliminate the boundary effect during the test,
the rotor needs to meet the position requirement when
inserting the test sample [14]:

L/d> 1,

Z/d> 0.5,

D/d> 2,

(2)

whereD is the beaker diameter, m; L is the distance from the
top of the rotor to the upper surface of the slurry; and Z is the
distance from the underside of the rotor to the bottom of the
beaker.

3. Mechanical Properties and
Model Establishment

*e vane method provides means for direct measurement of
the true yield stress of concentrated suspensions under

virtually static conditions. It applies the fundamental con-
cept of the yield stress as a true material property associated
with the strength of a continuous network structure found in
flocculated suspensions [15].

When an external shear rate c was imposed on a soft
solid at time t� 0 and was kept constant thereafter, the stress
σt first increased with the strain c � _c · t. Such behavior may
be attributed to the mere stretching of the “network bonds”
interconnecting the structural elements (particles or ag-
gregates or both). Since more bonds would be stretched and
the resistance to more deformation increased as the vane’s
rotation continued, the torque required to keep the motion
constant must also rise [16]. Breaking of the already
stretched bonds would eventually occur even though in a
gradual manner.

Finally, when all (or a majority) of the network bonds
had been broken, the network would collapse, and micro-
scopically, the material may be said to yield. Furthermore,
since hydrodynamic forces at extremely low shear were not
strong enough to bring the separated structural elements
close together for a reformation of the network bonds, the
material would yield in an irreversible manner with “cracks”
(visible or invisible) formed in a localized yield area. *is
explained the existence of a maximum shear stress value
followed by a rapid fall off in stress with time on the stress-
time response [17–19].

Fully immersed the vane rotor in the slurry and rotated
at a constant speed, the shear stress was measured as a
function of shear strain or time as shown in Figure 2. *e
curve was divided into two parts: AB segment was the stress
rise phase which was the initial structural failure process
[20–22] and BC segment was the stress decay phase which
was the thixotropic process [23, 24].

AB segment was the process of the initial structural
failure of the slurry and was the focus of this study. *e peak
of the curve was the dynamic yield stress (τy(d)) which was
taken as the true yield stress of the material [25–27] since it
represented the full breakdown of the structural network
[28, 29]. Taking into account the experiment was carried out
at a constant shear rate, in the presence of c � _c · t [30], the
stress-strain relationship of Maxwell was used to derive the
corresponding stress-time equation. *e variable η in the
Maxwell model represented the generalized dynamic
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Figure 1: Paddle rheometer test principle.
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viscosity, which was the embodiment of the “viscosity” and
“structure” of the paste. *erefore, it was different from the
apparent viscosity of the paste in the traditional Bingham
curve test.

*e expression of the Maxwell model was as follows [31]:

τ
η

+
_τ
G

� _c. (3)

Since the shear rate _c in the test was constant (ignoring
the acceleration process of the rotor in the initial very short
time), the rate of stress change could be written as follows:

_τ �
dτ
dt

. (4)

On combining and then simplifying (3) and (4), the
following equation is obtained:

dτ
dt

+
Gτ
η

� G _c. (5)

Solving the first-order linear nonhomogeneous equa-
tion, we get

τ(t) � Ce
− (G/η)t

+ η _c. (6)

Due to inertia and transient elastic response, the initial
moment stress at the start was not zero:

t � 0, τ(0) � τ0. (7)

*erefore, applying appropriate modifications in for-
mula (7), we get

τ(t) � τ0 − _cη( e
− (G/η)t

+ η _c, (8)

where τ0 is the initial shear stress at the moment of startup
and G is the elastic modulus.

Equation (8) was an equation according to the Maxwell
model to describe the stress-time relationship of the paste
slurry in the initial structural failure process.

4. Experiment

4.1. Experimental Materials. *e experimental materials
were taken from a gold mine unclassified tailings in China.

*e granular distribution curve is shown in Figure 3. d10, d30,
and d60 were the mesh diameters through which the cu-
mulative content of 10%, 30%, and 60% particles could pass.
From Figure 3, d10 � 3.53 μm, d30 �11.60 μm, and d60 �

32.12 μm. *e total fines content of − 20 μm in the tailings
was 42.2%, which was considered as ultrafine unclassified
tailings [32], the density of tailings is 2.765 t/m3, the bulk
density is 1.238 t/m3, the dense bulk density is 1.458 t/m3, the
loose porosity is 55.31%, and the dense porosity is 47.29%.
P.O 32.5 cement and laboratory tap water are added, the
cement has the density of 3.03 t/m3, the specific surface area
of 380m2/kg, and the dense bulk density of 1.424 t/m3. *e
granular distribution of the cement is shown in Figure 3.

4.2. Experimental Equipment. *e experimental test
equipment adopted Brookfield’s R/S type rheometer, which
has the advantages of effectively reducing the wall-slip effect
without destroying the internal floc structure of the paste
[28, 33]; it was equipped with a V40-20 vane rotor; the
monitoring data were imported into the computer and
analyzed by software, as shown in Figure 4.

4.3. Mechanical Response Test of Paste Slurry. In order to
understand the effect of shear rate on the failure process of
the paste slurry structure, 71%, 73%, 75%, and 77% mass
concentration paste were tested at a constant shear rate,
respectively. After inserting the rotor into the specified
position, the rheological parameters of the material were
measured at different shear rates (0.05, 0.5, and 1 s− 1) to
obtain the shear stress-time curve, as shown in Figure 5. By
analysis of stress-time curves at different shear rates for each
group, the dynamic yield stress at shear rate of 0.05 s− 1 and
the peak stress at shear rate of 0.5 s− 1 and 1 s− 1 were ob-
tained, as shown in Table 1.

From Figure 5, the curve with lower shear rate (0.05 s− 1)
was more in line with the shape of the classical stress-time
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Figure 3: Granular distribution of unclassified tailings and cement.
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Figure 4: Brookfield R/S rheometer.
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Figure 5: Shear stress-time curve at different shear rates. Mass concentration (%): (a) 71; (b) 73; (c) 75; (d) 77.
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curve, the curve was more gradual, and the various stages of
the yielding process were clearly reflected. High mass
concentration slurry and low mass concentration slurry
exhibited different characteristics when the shear rate

employed was higher. From Figures 5(a) and 5(b), the peak
stress of 0.5 s− 1 and 1 s− 1 was much higher than the result of
0.05 s− 1. Because when the rotor moved at a relatively fast
speed, it was not only affected by the yield stress but also

Table 1: Dynamic yield stress and peak stress of slurry with different mass concentrations.

Mass concentration (%) Dynamic yield stress (pa) Peak stress (pa)
0.05 s− 1 0.5 s− 1 1 s− 1

71 120.27 158.85 128.54
73 206.28 310.59 254.39
75 441.53 468.80 438.02
77 855.95 819.52 771.33
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Figure 6: Shear stress-time curve at different low shear rates. Mass concentration (%): (a) 71; (b) 73; (c) 75; (d) 77.
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affected by the viscosity of the object, so that the motion
resistance increased, thus causing the measured stress to be
excessive; However, from Figures 5(c) and 5(d), when the
mass concentration increased, the peak stress of 0.5 s− 1 and
1 s− 1 was slightly equal to or lower than 0.05 s− 1. An excessive
shear rate caused the slurry to yield instantaneously. *is
time process was less than the minimum time interval at
which the sensor could acquire the data, making the yielding
process unobservable; the resulting data were the stress after
yielding [34]. For the data obtained from 0.5 s− 1 and 1 s− 1,
the peak stress of each slurry mass concentration at 1 s− 1 was
less than 0.5 s− 1. It could be seen that when the shear rate
exceeded a certain value, the higher the shear rate, the lower
the peak value of the shear stress.

*erefore, in the actual operation, the shear rate of the
rotor should be reduced as much as possible in order to
obtain a relatively stable and smooth stress curve. So, the
next test was performed at a shear rate of 0.03 s− 1 and
0.07 s− 1 around 0.05 s− 1 to investigate the effect of low
constant shear rate on the initial structural failure process of
the paste slurry. *e shear stress-time curve was obtained as
shown in Figure 6.

5. Model Verification and Discussion

*e stress-time curves of different mass concentrations paste
slurry at low constant shear rates of 0.03 s− 1, 0.05 s− 1, and
0.07 s− 1 in the initial structural failure process are shown in

0

20

40

60

80

100

120
Sh

ea
r s

tre
ss

 (p
a)

Time (s)
0 10 20 30 40 50 60

0.03s–1

0.05s–1

0.07s–1

(a)
Sh

ea
r s

tre
ss

 (p
a)

0

50

100

150

200

250

Time (s)
0 10 20 30 40 50 8060 70

0.03s–1

0.05s–1

0.07s–1

(b)

Sh
ea

r s
tre

ss
 (p

a)

0

100

200

300

400

500

Time (s)
0 10 20 30 40 50 60 70

0.03s–1

0.05s–1

0.07s–1

(c)

Sh
ea

r s
tre

ss
 (p

a)

100
0

200

400

600

800

1000

Time (s)
0 20 40 60 80

0.03s–1

0.05s–1

0.07s–1

(d)

Figure 7: Stress-time curve of paste slurry in initial structural failure process. Mass concentration (%): (a) 71; (b) 73; (c) 75; (d) 77.

6 Advances in Materials Science and Engineering



Figure 7. A point was taken every five seconds, wherein the
dot plot represented the measured data and the curve
represented the predictive effect of equation (8) on the
stress-time relationship of the paste in the initial struc-
tural failure process. *e regression results of the pa-
rameters in model are shown in Table 2. *e initial stress
τ0, yield stress τy, and yield time t in the table were
measured values.

From Figure 7, it is clear that model equation (8) had a
better description and prediction effect on the stress-time
relationship of the initial structural failure process for the
four mass concentrations paste slurry, and the prediction
accuracy was higher and had a strong representativeness. At
the same time, in the range of low constant shear rate (0.03,
0.05, and 0.07 s− 1), the initial stress and the yield stress
increased correspondingly with the increased of shear rate at
the same mass concentration and the curve of the initial
stage was closer to the y-axis, which was reflected by the time
to yield was gradually reduce; because the internal structure
of the paste slurry was more severely disturbed when the
shear rate was increased, it was easier to break the entire
structure of the slurry to cause flow and yield. As the mass
concentration increased, from Figure 8, it is seen that the
yield stress increased exponentially. At low shear rate, there
was still an exponential relationship between yield stress and
mass concentration, and as the shear rate increased and the
magnitude of the yield stress increased [35].

6. Conclusion

(1) At constant shear rate, the process of deformation of
the paste slurry is divided into two stages: one is the
initial structural failure process with increasing shear
stress; the other is the thixotropic process with de-
creasing shear stress after yielding.

(2) According to the Maxwell model, the stress-time
relationship model equation describing the initial
structural failure stage of the paste under constant
shear rate is derived, and the obtained model
equation has higher prediction accuracy and better
popularity.

(3) In the initial structural failure stage, the paste has a
nonlinear stress-time relationship. At different shear
rates (0.05, 0.5, and 1 s− 1), the lower the rotation
speed, the smoother the curve, and the slurry at
various stages in the yielding process can be more
clearly reflected; in the range of low constant shear
rate (0.03, 0.05, and 0.07 s− 1), the initial stress and
yield stress of the paste increase with the increases of
shear rate at the same mass concentration, and the
time to yield is shorter. At low constant shear rates,
there is still an exponential relationship between
yield stress and mass concentration.

Data Availability

*e data used to support the findings of this study are
available from the corresponding author upon request.

Table 2: Regression results of parameters in the model.

Mass concentration
(%)

Shear rate
_c (s− 1)

Initial stress
τ0 (pa) Yield stress τy (pa) Elastic modulus G (pa) Yield time t (s) Correlation coefficient R

71
0.03 7.78 98.56 153.0 59 0.9871
0.05 8.89 101.42 122.0 42 0.9938
0.07 14.96 105.80 139.1 33 0.9779

73
0.03 7.52 196.19 158.3 70 0.9950
0.05 9.87 206.28 173.7 40 0.9918
0.07 16.84 211.60 144.0 37 0.9944

75
0.03 4.03 363.53 206.5 66 0.9965
0.05 6.11 399.56 235.8 47 0.9906
0.07 20.36 431.99 368.9 40 0.9868

77
0.03 5.61 723.13 691.5 86 0.9964
0.05 9.14 855.95 692.4 60 0.9967
0.07 18.99 889.29 621.2 41 0.9951
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