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Abstract: Cemented paste backfill (CPB) consists of a mixture of fine particles, mainly consisting of
tailings and cement dispersed in water. Therefore, it is necessary to introduce an intensive shearing
force into the paste during mixing in order to maintain an equilibrium between agglomeration and
dispersion. It is influential for the macroscopical fluidity and rheological properties when changes
occur in the microstructure of CPB under shear. However, the research on how mixing affects the
properties of CPB is still in its infancy. This paper puts an insight into the relation between the
mixing intensity and the rheological behavior of the CPB. It can be demonstrated that two threshold
mixing intensities exist in this process. After passing the first or lower threshold, the rheological
parameters (yield stress and viscosity) of the paste decrease. After passing the second threshold,
a continued increase is observed. The changes in rheological properties are connected with physical
and chemical changes in the microstructure of the CPB. The results are discussed in light of the three
concepts “structural breakdown”, “thixotropic breakdown”, and “thixotropic behavior” of rheological
properties of CPB.
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1. Introduction

A growing interest is being paid to the rheological behavior of concentrated suspensions [1], such
as cemented paste backfill (CPB), in both theoretical and applied fields. CPB is a mixture of unclassified
tailings, crushed aggregates, powder, water, and chemical admixtures [2,3]. CPB technology is also
considered superior to conventional slurry backfill methods in terms of both the environmental and
economic benefits [4]. These components are generally blended on the surface of a mine and then
transported by gravity or pumped to the underground goaf [5]. In the cemented backfill, mixing is an
essential process for the acquisition and management of the properties of backfilling materials [6]. More
than homogenizing the paste constituents, it plays an important role in characterizing the rheological
properties of fresh CPB [7,8]. As the paste backfilling technology has already been a priority option for
tailings disposal under policies emphasizing environmental conservation, improper mixing is currently
one of the urgent concerns for mining engineers [9,10]. The aim of minimizing the mixing intensity
and mixing time without damaging the quality and productivity is widely pursued [11], even in the
cementitious materials related industries [12]. Hence, a well-designed mixing technique is crucial for
CPB preparation.

As a complex of tailings, cement, and water, CPB is a kind of granular fluid and which, when
in fresh state, could be regarded as a suspension of tailing particles suspended in the slurry [13,14];
however, the slurry is not even heterogeneous due to the existence of abundant cement particles and
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hydrates. Therefore, the rheological properties and macroscopic flow behavior of CPB are significantly
influenced by the internal structure of the paste matrix [15,16]. Consistent with other concentrated
suspensions, CPB also has the rheological properties of yielding, shear thickening, shear thinning,
rheopexy, and thixotropy [17,18]. When under shearing, the intrinsic network structure of CPB
responds to the shear-induced stresses with the interference of interparticle forces, leading to changes
in the rheological behavior [19]. Thus, to understand the influence mechanism of mixing speed on
the properties of CPB is a priority for the improvement of the mixing technique. Under different
mixing intensities, CPB specimens tend to present different rheological properties. The phenomenon
is affected by the interparticle forces, and it could be explained by the Particle Flow Interaction
theory (PFI-theory), which consists of several coupled partial differential equations (PDEs) and is well
explained in previous studies [20]. These equations describe the processes of coagulation, dispersion,
and re-coagulation of the particles (giving a true thixotropic behavior) [21]. The microstructural
changes that lead to thixotropy are called thixotropic breakdown. These concepts were proposed by
Hattori and Izumi [22,23] and by Tattersall and Richie [24,25], respectively.

In the PFI-theory, the thixotropic behavior has a relation to coagulation, dispersion, and
re-coagulation of the particles, where the coagulation refers to the touch between two or more
particles. In order to improve the technological properties of CPB, the particles need to be separated
which poses a challenge to CPB mixing. These particles are forced together by their total potential
energy, as illustrated in Figure 1, where the term Ds is the distance between two solid surfaces of the
particles [26]. The total potential energy interaction VT originates from combined forces of van der
Waals attraction, steric hindrance, and electrostatic repulsion [27]. Under a shear force that is larger
than the VT, the particles will be separated and the rheological properties of CPB decrease, which is
called thixotropic breakdown [28].
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Figure 1. Total potential energy interaction VT between particles.

The structural breakdown phenomenon seems to be rarely mentioned compared to the well-known
thixotropy. Since no recovery of torque was observed, structural breakdown was considered to be
different from thixotropic breakdown [29]. As mentioned in the previous paragraph, thixotropic
breakdown is related to behavior generated by the total potential energy that exists between particles,
while the structural breakdown is not [30]. It is attributed to the shrinking electric double layer of
cement particles and/or breaking the connections between the particles formed by the hydration
process [31]. That is, when the cement was added to the mixer and contacted with water, the hydration
product covers the surface of the particles in the form of membrane [32], causing the particles to contact
together. As the CPB is mixed, this connection between the particles is broken and the particles are
separated. If the mixing intensity is high enough, the shrinking electric double layer will also occur
and the chemical environment of CPB will be changed [33]. Currently, it is the complexity of the
intrinsic network structure and the interparticle interactions that make the mixing theory lag behind
its application [34,35].
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The paste is generally produced by blending the constituents and then transforming the mixture
from a wet granular state into a granular suspension microstructure. The high-intensity mixing
technology of CPB (without crushed aggregates) usually includes two steps, as shown in Figure 2 [36],
where the tailings are firstly mixed with binding materials to form a stiff paste that is similar to a
conventional concrete mixing process, and then the high-intensity mixing is applied to make the
paste become soft or fluid. This technology allows the CPB to possess a better performance while the
mechanism of action is still unclear. Therefore, the impact and its mechanism of varying blending
intensities on the rheological properties of fresh CPB were investigated, providing some theoretical
support for further development of the high-intensity mixing technology.
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Figure 2. The high-intensity mixing technology of cemented paste backfill (CPB).

2. Materials and Methods

2.1. Materials

2.1.1. Tailings

The tailings sampled to prepare CPB were the full process tailings obtained from a copper mine, of
which the specific gravity was 2.69. The chemical characteristics of the tailings were analyzed by X-ray
fluorescence (XRF) (NEX CG, Rigaku International Corp., Tokyo, Japan) and are shown in Table 1.

Table 1. Chemical characteristics of the tailings.

Compound Pb Zn S As Au Ag CaO MgO Al2O3 SiO2

Content/% 0.035 0.003 0.39 0.057 0.03 1.59 9.16 1.4 6.19 64.69

The particle size distribution is shown in Figure 3 which was tested with a Topsizer 2000 Laser
Particle Characterization System made by OMEC, Ltd., (Zhuhai, China). The measurement covers a
range of 0.02 to 2000 µm, with 1% precision. It was observed that the fine particles (<20 µm) accounted
for about 29.98 wt % and the tailings could be classified as coarse tailings [37].

2.1.2. Cement

The components of the cement used (obtained by X-ray fluorescence (XRF)) are shown in Table 2,
and the cement belongs to ordinary Portland cement (OPC) CEMI 32.5R type. The main chemical
components of the cement were CaO and MgO, and a small amount of K2O. The Blaine fineness was
402 m2/kg and specific gravity 3.14, according to the cement factory report.

Table 2. Characteristics of the cement.

Items MgO SiO2 Na2O K2O Al2O3 SO3 Fe2O3 CaO

Amount (%) 1.40 20.70 0.18 0.48 4.50 2.60 3.30 65.10
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Figure 3. Particle size distribution of the unclassified tailings.

2.2. Mixture Contents

The CPB samples were produced using deionized water. The proportions are provided in Table 3
where four kinds of CPB of three different solid contents and a constant water-cement (w/c) ratio of
2.75 were tested in CPB-A, CPB-B, and CPB-C, and a relatively low water-cement (w/c) ratio of 2.25
was tested in CPB-D. The t/c refers to the tailings-to-cement ratio and is based on the mass of tailings
versus the mass of cement. Composition of different CPB samples is given in Table 3.

Table 3. Mixture proportions of CPB.

Code Water
w/c (by mass)

Cement
(wt %)

Tailings
t/c (by mass)

Solids Content
(wt %)

Solids Content
(vol. %)

CPB-A 2.75 8.12 8.56 77.66 56
CPB-B 2.75 8.64 7.83 76.25 54
CPB-C 2.75 9.17 7.16 74.79 52
CPB-D 2.25 11.17 5.70 74.86 52

2.3. Preparation of Samples

In the experiment, a cement mortar mixer was used for initial mixing, and a high-shearing-type
mixer as shown in Figure 4 was used for secondary mixing, where the velocity was under control of the
pre-set computer programs at a room temperature of 20 ◦C. The equipment, as illustrated in Figure 4,
includes a glass bottle containing CPB, a mixer, and a control computer. It is not trivial to measure the
shear rates of CPB samples in the mixer, with a rotary propeller approximate value (Equation (1)) [38],
however, an indication of the value of the shear rate applied to the mixture in the mixing vessel at
varying intensity was evaluated, as shown in Table 4.

.
γ =

2rarbω(
r2

b − r2
a

) (1)

where ra is the radius of the rotary propeller (here referred to that of the mixer blade), rb is the radius of
the container (here referring to the CPB mixer vessel), and ω represents the angular velocity of the
blades. It is illustrated in Figure 4 that ra = 60 mm and rb = 55 mm. Similarly, the shear rate of the
high-intensity mixing technology could be calculated according to the geometrical parameters of the
mixer, as shown in Table 4. As the speed of the high-intensity mixing of CPB was generally controlled
between 1000 and 2000 rpm, the mixing speed of the high-shearing-type mixer was not more than
600 rpm in the study according to Table 4.
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Table 4. Estimated shear rate of the high-shearing-type mixer and high-intensity mixer.

High-Shearing-Type Mixer (rpm) High-Intensity Mixer (rpm) Estimated Shear Rate (s−1)

100 334.78 120.14
200 669.57 240.28
300 1004.35 360.42
400 1339.13 480.56
500 1673.91 600.70
600 2008.70 720.83

A sequence consisting of four steps was designed for the CPB mixing to better simulate the
high-intensity mixing technology, which is illustrated in Figure 5. In Step 2, a relatively low speed
(75 rpm) was set for the initial mixing (using the cement mortar mixer) to highlight the differences in the
rheological behavior of CPBs under different mixing intensities at Step 4 (using the high-shearing-type
mixer), specifically 75, 200, 300, 400, 500, and 600 rpm. After the initial three steps, the paste should
have been sufficiently homogenized, and Step 4 was designed to measure how the high mixing speed
affects the CPB samples.
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600 rpm for Step 4.

2.4. Experimental Methods

2.4.1. Inductively Coupled Plasma Mass Spectrometry

The rheological parameters of CPB (especially the viscosity) are closely related to the chemical
environment. In order to test the changes in the chemical environment of CPB under different agitation
conditions, inductively coupled plasma mass spectrometry (ICP) was used to gain insight into the pore
solution chemistry, especially the concentration of calcium, sodium, and potassium ions, since they
are representative of the ion concentration in the pore solution. Previous research has shown that the
concentration changes of these ions are related to the hydration reaction and shrinking electric double
layer, which affects the interaction force between particles.

To obtain the pore solution of CPB, a 0.50 µm filter paper and a funnel were used. Prepared CPB-D
sample (100 g) was transferred to the filter paper in the funnel, and 100 g of deionized water was added.
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The pore solution was obtained by vacuum filtration. The pore solution was diluted with 1:1 deionized
water before the ICP test. Two bottles of about 5 mL samples were taken in the obtained pore solution
for the ICP test. The ICP test uses SPECTRO FLAME S (Ocean Optics, Largo, FL, USA). The CPB-D
prepared for each mixing speed was tested twice and the average of the two data was calculated.

2.4.2. Rheology

To monitor the rheological behavior of the CPB samples, an R/S four-paddle rotational rheometer
(Brookfield RST, AMETEK Brookfieldb, Middleborough, MA, USA) was used. During the experiment,
the four-paddle rotor was immersed into the slurry, spinning at a changing shearing rate. This process
was under real-time monitoring and a shearing stress–rate curve was exported by software for further
analysis. The temperature of the water bath equipped on this equipment remained at 20 ◦C.

The paste was poured into a round glass bottle, 95 mm in diameter and 115 mm in height, to a
level of 90 mm. The bottle was then fastened after putting the mixing rotor (VT-40-20) of the Brookfield
RST into the paste and the flow curve test was performed at a CSR (control shearing rate) mode by
raising the rate from 0 to 120 s−1 in increments of 1 s−1 via a step-up approach. Although the CPB
has thixotropic properties, the recovery time of the microstructure was much longer than the time
required for the breakdown. The time required for the rheological test was very short, and the shear
rate was less than the mixing process, and it can be considered that the microstructure breakdown by
the mixing was not recovered. Therefore, from a general view, the paste of unclassified tailings borders
on a Bingham fluid and thus Equation (2) could be used for data fitting [39]. The slope and intercept
were obtained through the least squares regression. In order to ensure a steady shear stress condition,
the curve in which the shear rate was increased from 20 to 120 s−1 was selected for fitting.

τ = τ0 + η
.
γ (2)

Equation (2) represents the Bingham model: τ represents the shear stress, Pa; τ0 represents the
yield stress, Pa; η represents the plastic viscosity, Pa·s;

.
γ represents the shear rate, s−1.

To verify the reproducibility of the experiment, two tests were conducted for each type of mixture
and the average value was adopted. For example, 12 samples were prepared for CPB-A to be stirred at
6 different speeds in Step 4. A representative set of flow curves is shown to indicate the rheology of
the material.

3. Results and Discussion

3.1. The Chemical Environment Changes of CPB

As stated in the introduction, high mixing intensity causes structural breakdown to dissolve
more hydration products into the pore solution. To verify that this conjecture is correct, ICP was
used to analyze the ion concentrations of the pore solution. Figure 6 shows ion concentrations in
CPB-D prepared with different mixing speeds and the error bars in the graph represent the range of
experimental results.

As shown in Figure 6, when the mixing speeds were between 300 and 400 rpm, the concentrations
of ions tend to be in a trough. However, when the mixing speed exceeds 500 rpm, they show a significant
increase, especially calcium ions. This change in ion concentration was due to the intensifying of the
mixing speed since the cement-based material static curing for 30 min after preparation did not cause a
significant change in ion elution [40]. This increase of the initial dissolution could be caused by the
consecutive repetition of breakdown and restoration of the double electrode layers of particles.

As we know, the rheological properties of CPB are influenced by its microstructure [41]. However,
when CPB is prepared at different mixing speeds, changes are likely to occur to its microstructural
state because the concentrations of ions affect the microstructural rebuilding and breaking. Therefore,
different mixing speeds change the chemical environment of the CPB, affect the aggregation kinetics of
the particles, and may ultimately affect the rheological properties.
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Figure 6. Results of the inductively coupled plasma mass spectrometry (ICP) test for CPB-D.

3.2. Rheological Properties

The experimental rheological curves are illustrated in Figure 7. Besides, from the flow curves,
the Bingham parameters of yield stress and plastic viscosity were calculated using a fitted curve to the
experimental data points. The rheograph in Figure 8 depicts the Bingham parameters as a function of
the mixing speed in the high shear mixer, and the values in the graph represent the average values of
the duplicate tests and the error bars in the graph represent the range of experimental results. In the
sub-plots of Figure 7, each curve corresponds to a mixing speed of six different levels in Step 4 that
was set for specimen preparation. Consistent with expectations, with an increase in the solids content,
the CPB samples tended to possess a higher viscosity and yield stress but poorer flowability (except
CPB-D). A higher solids content means the decrease in the spacing between particles and the increase
in the interaction force, resulting in growing flow resistance in CPB. A synergistic effect of the mixing
speed, solids content, and cement content used appeared to control the rheological behavior of CPB.
It is known that the mixing intensity plays an important role in rheological properties of CPB, as shown
in Figure 8, which, however, was often ignored or barely commented.

The experimental results indicate that the effect on the rheological properties of the paste was not
obvious before the speed reaching 200 rpm, and once exceeding 200 rpm, the viscosity and yield stress
reduced significantly and the flowability was enhanced in some CPB samples. Thus, the paste could be
deemed having been “activated” or dispersed and the paste presented shear-thinning characteristics.
It is true that the CPB in the field where it was prepared by a higher mixing speed, had better fluidity
than in laboratory experiments where it was prepared by hand mixing.

However, a higher mixing intensity does not always correspond to a better flowability. Contrary to
what is widely believed, it was indicated from the results that for mixing speeds exceeding 300–400 rpm,
the viscosity and yield stress increased and the fluidity deteriorated. Such non-Newtonian flow
behavior of paste is thought to be caused by changes in particle arrangements [42]. Compared with
Newtonian fluids, such as water, the rheological behavior of CPB is complicated under different mixing
speeds as tiny particles are suspended in the liquid. The results, as shown in Figure 8, also show that
the effect of mixing speeds on the rheological properties was more sensitive in cemented paste backfill
with the higher cement proportion (CPB-D) than the lower one (CPB-C).
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Figure 8. Influence of mixing speed on the yield stress (a) and Bingham viscosity (b) of CPB.

3.3. Thixotropic Breakdown

As shown in Figure 8, when the mixing speed gradually accelerated from 75 to 200 rpm,
the rheological properties almost remained at the same level without significant changes but showed a
slight downward trend in some samples. Although CPB is commonly recognized as a Bingham fluid,
it could be found that a conversion trend to shear-thinning behavior appeared in some of the CPBs as
soon as the mixing speed reached above a threshold that was connected with the solids content of
the samples. For the CPBs examined in this research, the threshold speed occurred between 200 and
300 rpm for the majority of CPB, as shown in Figure 8.
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According to the PFI-theory, a speed below the threshold is not enough to destroy the cohesion
between particles, thus the rheological properties of the paste will not change significantly. Figure 9a
depicts that a potential energy well was determined by the particle interaction forces (colloidal
interactions for CPB) for each particle (i.e., an equilibrium position of minimum energy exists for each
particle) [43]. The particle will not jump out of the well on condition that the mixing energy ∆E offered
to the system is less than a certain value, as shown in Figure 9b. Once the shearing ceased, the elastic
solid behavior occurred and the particle returns to its start position. However, when exceeding the
threshold, the mixing energy was enough to disperse the particle flocculation structure (the mixing
energy provided to the system was above the certain value). Therefore, the particle has the ability
to get out of the well, as shown in Figure 9c, the microstructure of the paste undergoes thixotropic
breakdown, and the rheological properties present shear-thinning behavior, thus the CPB system
exhibits thixotropic behavior.

In the preparation of CPB, the CPB is expected to be made of homogeneous distributed particles
and to have a good fluidity. The corresponding threshold (minimum mixing energy) is called “the first
threshold”. The reversibility of this mechanism has been described by Liu et al. [44]. The attractive
forces and interparticle links between the particles formed again during the rest period, and the
rheology characteristics of CPB will change over time, which, however, takes a longer time compared
to that of the breakdown process [45,46]. The potential energy well tends to be deeper at rest with
time because of the Brownian motion as well as a possible evolution of the colloidal interactions [47];
the particle needs a larger amount of energy ∆E′ to get out of the well (increase of the shear stress in
Figure 9d) [48].

Minerals 2019, 9, x FOR PEER REVIEW 9 of 14 

 

the samples. For the CPBs examined in this research, the threshold speed occurred between 200 and 
300 rpm for the majority of CPB, as shown in Figure 8. 

According to the PFI-theory, a speed below the threshold is not enough to destroy the cohesion 
between particles, thus the rheological properties of the paste will not change significantly. Figure 9a 
depicts that a potential energy well was determined by the particle interaction forces (colloidal 
interactions for CPB) for each particle (i.e., an equilibrium position of minimum energy exists for each 
particle) [43]. The particle will not jump out of the well on condition that the mixing energy ΔE offered 
to the system is less than a certain value, as shown in Figure 9b. Once the shearing ceased, the elastic 
solid behavior occurred and the particle returns to its start position. However, when exceeding the 
threshold, the mixing energy was enough to disperse the particle flocculation structure (the mixing 
energy provided to the system was above the certain value). Therefore, the particle has the ability to 
get out of the well, as shown in Figure 9c, the microstructure of the paste undergoes thixotropic 
breakdown, and the rheological properties present shear-thinning behavior, thus the CPB system 
exhibits thixotropic behavior. 

In the preparation of CPB, the CPB is expected to be made of homogeneous distributed particles 
and to have a good fluidity. The corresponding threshold (minimum mixing energy) is called "the 
first threshold". The reversibility of this mechanism has been described by Liu et al. [44]. The 
attractive forces and interparticle links between the particles formed again during the rest period, 
and the rheology characteristics of CPB will change over time, which, however, takes a longer time 
compared to that of the breakdown process [45,46]. The potential energy well tends to be deeper at 
rest with time because of the Brownian motion as well as a possible evolution of the colloidal 
interactions [47]; the particle needs a larger amount of energy ΔE′ to get out of the well (increase of 
the shear stress in Figure 9d) [48]. 

 
Figure 9. A simple illustration of the thixotropic behavior of CPB. (a) The particle interaction forces 
determine for each particle a potential energy well. (b) The particle does not leave the well. (c) The 
particle has the ability to get out of the well. (d) The potential energy well tends to be deeper at rest 
with time, the particle needs a larger amount of energy to get out of the well. 

Further analyzing the experimental results of different groups (CPB-A, CPB-B, and CPB-C) in 
Figure 8, we can also find that the first threshold of mixing speed increases with the solids content. 
The increase in the solids content of CPB reduces the distance between the particles, that is to say, as 
the total potential between the particles increases, the energy required to separate the particles that 
adsorb each other also increases. Therefore, the solids content of CPB should be fully considered 
when selecting a cost-effective mixing speed. 

The distance between two particles is an important factor affecting the interparticle forces, and 
the interparticle forces could affect the microstructure (aggregation or breakdown) of the CPB. When 
the particles are separated under the mixing action, the repulsive force of the particles is reduced, 
and more ions are adsorbed to the surface of the particles [49]. Therefore, as shown in Figure 6, the 
concentrations of ions in the pore solution decreased when the CPB undergoes thixotropic 
breakdown. 

On the other hand, the water-cement (w/c) ratio is also a key factor affecting the rheological 
behavior of CPB. The solids content of CPB-D was slightly higher than that of CPB-C. The yield stress 
and viscosity of CPB-D were larger than those of CPB-C when the mixing speed was lower than the 
first threshold. It was consistent with the relationship between rheological parameters and solids 

Figure 9. A simple illustration of the thixotropic behavior of CPB. (a) The particle interaction forces
determine for each particle a potential energy well. (b) The particle does not leave the well. (c) The
particle has the ability to get out of the well. (d) The potential energy well tends to be deeper at rest
with time, the particle needs a larger amount of energy to get out of the well.

Further analyzing the experimental results of different groups (CPB-A, CPB-B, and CPB-C) in
Figure 8, we can also find that the first threshold of mixing speed increases with the solids content.
The increase in the solids content of CPB reduces the distance between the particles, that is to say,
as the total potential between the particles increases, the energy required to separate the particles that
adsorb each other also increases. Therefore, the solids content of CPB should be fully considered when
selecting a cost-effective mixing speed.

The distance between two particles is an important factor affecting the interparticle forces, and the
interparticle forces could affect the microstructure (aggregation or breakdown) of the CPB. When the
particles are separated under the mixing action, the repulsive force of the particles is reduced, and more
ions are adsorbed to the surface of the particles [49]. Therefore, as shown in Figure 6, the concentrations
of ions in the pore solution decreased when the CPB undergoes thixotropic breakdown.

On the other hand, the water-cement (w/c) ratio is also a key factor affecting the rheological
behavior of CPB. The solids content of CPB-D was slightly higher than that of CPB-C. The yield stress
and viscosity of CPB-D were larger than those of CPB-C when the mixing speed was lower than the first
threshold. It was consistent with the relationship between rheological parameters and solids content
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described in Section 3.2. However, we found that the rheological parameters (yield stress and viscosity)
of CPB-D were less than CPB-C when the mixing speed exceeded the first threshold. Therefore, it can
be assumed that the cement has a marked impact on the structural network development, which
results in a more flocculated structure, and enhances the thixotropy of CPB.

3.4. Structural Breakdown

Therefore, it seems that a mixing speed above the first threshold within the range of 300 to 400 rpm
was enough to disperse the CPB particles. There was no longer a significant decrease in viscosity of the
paste with increasing mixing speed until reaching the second threshold of mixing intensity. For mixing
speeds higher than the second threshold, the viscosity began to grow significantly in some CPBs and a
shear-thickening phenomenon occurred.

It has some relation with the cement particles in CPB since a similar phenomenon also occurs
in the high-speed mixing of cement slurry [50]. Since the rheological behavior of cement-based
materials is affected by their changing microstructure [51] due to hydration, changes are more likely to
happen to the microstructural state when the cement-based materials are prepared at varying mixing
speeds [52]. The formation of agglomerates is not only due to hydration but also due to interparticle
forces produced from the colloidal state of the finest cement grains [53]. As the distance between
particles decreases, the thickness of electrical double layers of the particles becomes the key factor
affecting the interparticle forces.

As we know, the thickness of electrical double layers of the particles is influenced by the ionic
concentration [28,54], and the thickness could be represented by the Debye–Hückel length equation
(Equation (3)) [55]:

1
κ
=

√
εε0RT
2F2I

(3)

where 1/κ is the thickness of electrical double layers, ε is the dielectric constant (relative permittivity)
of the dispersion medium, ε0 is the permittivity of the vacuum, T is the absolute temperature, R is
the gas constant, I is the ionic strength, and F is the Faraday constant. A higher ionic concentration
will result in a decrease of the thickness of electrical double layers, leading to stronger/increased
agglomeration [56]. Additionally, the ionic concentration is known in the ICP test. Figure 10 shows the
relationship between the ionic concentration (K+) and viscosity of CPB-D. When the mixing speed
exceeded 400 rpm, the ionic concentration (K+) in the pore solution increased rapidly, and the changes
of the two curves in the figure were consistent. It indicates that the rheological response of CPB was
consistent with the change of the chemical environment under different mixing speeds.
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This result shows that the chemical and physical qualities of the CPB system changed once
the mixing speed differed. High-intensity mixing promoted the aggregation of particles. Figure 11
depicts how high-intensity mixing results in an increasing agglomeration of particles [57]. Under shear,
the breakdown of particles directly leads to increased contact areas [58], and a structure of double
electrode layers forms around the particle–water interface, as shown in Figure 11a. Subsequently,
under the mixing action, the layer shrinks, and numerous ions and early hydration products dissolve
into the water as shown in Figure 11b. According to the literature [59], the collapse of the layer reduces
the electron repulsion between particles and the prevailing attraction is beneficial for aggregation of
cement particles, as shown in Figure 11c. Therefore, it is believed that an increasing mixing speed
during the sample preparation affects chemical reactions of CPB and thus transforms the agglomeration
kinetics in CPB.
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Comparing the results of different groups of experiments of rheological properties, as shown
in Figure 8, it can be found that the composition of CPB was an important factor affecting the
shear-thickening phenomenon, and the second threshold of mixing speed increases as the solids
content increases. CPBs of different compositions have different microstructures. When under shearing
(mixing process), the microstructures of CPB respond to the shear-induced stresses with the interference
of interparticle forces, leading to changes in the rheological properties. Thus, the higher sensitivity
to mixing intensity (the mixing speed exceeded the second threshold) found in CPB-D as compared
to CPB-C could be ascribed to the more cement inducing changes within the CPB that modified the
fundamental microstructural response of the CPB systems.

The structural breakdown, which seems to be less recognized and less used, describes the
damaging of certain linkages chemically formed among the particles, and also includes the collapse of
electrical double layers. Although this mechanism looks like “shear-thickening” behavior, it does not
belong to thixotropic behavior, because the structural breakdown is not recoverable. Unfortunately,
this behavior is often confused with thixotropy. To obtain a CPB with a better performance, a structural
breakdown should not occur in the CPB mixing process. Considering the factors such as energy saving
and high productivity, an optimal speed was proposed, and in this study, it was around 300–400 rpm.

4. Conclusions

This study helps us to understand the mechanism of the effect of mixing speed on CPB rheology by
determining two threshold values for the mixing speed corresponding to shear thinning and (pseudo)
shear thickening. The results show that the rheological behavior of pastes was greatly affected by their
shear history. Changes happened in the chemical and physical nature of cemented paste backfill once
the preparation mixing speed altered.
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(1) The results show that the two thresholds were related to the solids content and composition.
For the majority of CPBs under examination in this study, the first threshold occurred between 200 and
300 rpm and the second threshold between 400 and 500 rpm, respectively. When the mixing speed
for CPB preparation was between the two thresholds (the shear rate was between 360 and 600 s−1),
the paste tends to have lower viscosity and proper fluidity; this phenomenon is often referred to
as thixotropic breakdown, which is a recoverable change. Considering the factors such as energy
saving and high productivity, the authors proposed an optimal speed, and in this study, it was around
300–400 rpm.

(2) Far from general views, when the mixing speed for the sample preparation exceeds the second
threshold, the double layer of cement particles collapses and numerous ions and early hydration
products dissolve into the water, which promotes the agglomeration of particles and increases paste
yield stress and Bingham viscosity. This trend was amplified in cemented paste backfill with increasing
cement content.

(3) In previous studies, some researchers believed that CPB could be characterized by only two
kinds of thixotropic behavior, such as shear-thickening and/or shear-thinning. The results presented
in this paper suggest the observed shear-thickening was rather a pseudo shear-thickening provoked
by irreversible chemical interactions between the particles. Therefore, the three concepts “structural
breakdown”, “thixotropic breakdown”, and “thixotropic behavior” should not be confused, since a
structural breakdown does not belong to thixotropic behavior and is unrecoverable.
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