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Abstract

To address the inherent conflict between fluidity and stability in high-concentration un-
classified tailings slurries for blasthole stemming slurry (BSS), this study establishes an
evaluation system based on “equal fluidity” to screen and optimize chemical admixtures
suitable for high-concentration BSS. Three typical superplasticizers—polycarboxylate (PCE),
naphthalene-based (NF), and melamine-based (MF)—were selected to systematically com-
pare their effects on rheological parameters and bleeding performance under a controlled,
consistent fluidity condition (16.0 & 0.5 cm). The results indicate that the effectiveness of
superplasticizers exhibits noticeably concentration dependence. While NF demonstrates
the highest dispersion efficiency at low concentrations, PCE emerges as the sole effective
admixture capable of maintaining the fluidity of high-concentration BSS (71% solid mass
fraction), attributed to its robust steric hindrance effect. Rheological analysis reveals that
the PCE-modified BSS exhibits a unique state characterized by “low yield stress and high
differential viscosity,” which effectively decouples the contradiction between macroscopic
flow and microscopic stability. Furthermore, the synergistic effect of high concentration
and PCE constructs a kinetically stable suspension system, achieving “zero bleeding.” This
study confirms that PCE is the optimal choice for preparing high-concentration pumpable
BSS, providing a theoretical foundation for the design of deep-hole stemming materials in
mining engineering.

Keywords: blasthole stemming slurry; superplasticizer; equal fluidity; rheological
properties; shear-thinning; bleeding rate

1. Introduction

Blasthole stemming is a critical procedure for controlling blasting energy release and
ensuring safe, efficient mining operations [1,2]. Traditional stemming materials, typically
dry media such as sand or drill cuttings, rely heavily on manual labor for placement.
This process often struggles to achieve uniform compaction, which can easily lead to the
formation of gas leakage channels, resulting in energy loss and safety hazards such as rock
fly [3,4]. The advent of integrated preparation and filling stemming trucks (as shown in
Figure 1) has made pumpable blasthole stemming slurry (BSS) a superior alternative [5].
Utilizing unclassified tailings as aggregates to prepare pumpable BSS allows for the inte-
grated completion of blasthole filling. This approach not only enables continuous, efficient,
and mechanized pumping construction but also allows for mix proportion adjustments to
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adapt to blastholes of varying depths and inclination angles, considerably enhancing the
reliability of the stemming operation. More importantly, the use of unclassified tailings to
prepare BSS realizes the resource utilization of bulk solid waste, aligning perfectly with the
sustainable development strategy of green mine construction [6,7].

2 1

1. Material storage system; 2. Extrusion and mixing system; 3. Truck chassis;.
4. Pumping system; 5. Cantilever filling system; 6. Power system.
(a) Structural and functional diagram.

(b) Field photograph.

Figure 1. Integrated preparation and filling stemming truck for blasthole stemming materials.

However, the engineering application of this technology faces a core rheological
contradiction: to ensure impact resistance and a low bleeding rate under blast loading,
the BSS must be prepared at a high solid mass fraction (high concentration). Yet, as the
concentration increases, the inter-particle friction intensifies, causing a sharp deteriora-
tion in flowability. This severely hinders rapid and uniform mixing, as well as pipeline
transportation and pumping construction [8,9].

To resolve the conflict between high concentration and high flowability, the application
of chemical admixtures (particularly superplasticizers) is crucial. Polycarboxylate (PCE),
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naphthalene-based (NF), and melamine-based (MF) are currently the three most widely
used superplasticizers in engineering [10,11]. Although research on these superplasticizers
in concrete and cemented backfill is relatively mature, their adaptability evaluation remains
limited for the unclassified tailings non-cemented system, which is characterized by a high
content of fine particles, large specific surface area, and complex mineral composition. Most
current studies are confined to performance comparisons under a “fixed dosage,” compar-
ing the fluidity differences of various slurries at the same superplasticizer dosage [12-14].
However, in practical engineering applications, the primary concern is whether the slurry
meets specific construction fluidity requirements. Due to its portability, simplicity, and
effectiveness, the slump (fluidity) test is often used as the primary performance indicator
for pumpable BSS [15,16]. To achieve a specific target fluidity for construction, different
types of superplasticizers often require different dosages. Therefore, comparisons based
solely on a fixed dosage cannot accurately reflect the efficacy of superplasticizers under
actual construction conditions.

Currently, there is a lack of systematic comparative research on the effects of different
superplasticizers on the internal rheological properties and stability (e.g., bleeding rate) of
tailings slurries under “equal fluidity” conditions. It remains unclear whether, for high-
concentration tailings slurries, superplasticizers with different molecular structures will
cause the slurry to exhibit distinct yield stresses, viscosities, and settling stabilities when
achieving the same macroscopic fluidity due to differing microscopic dispersion mecha-
nisms. To address these issues, this study aims to establish an evaluation system based on
“equal fluidity” to systematically investigate the effects of the three mainstream superplas-
ticizers (PCE, NF, and MF) on the fresh properties of unclassified tailings-based pumpable
BSS. Instead of limiting the comparison to a single dosage, this paper first determines the
optimal basic mix proportion for the target tailings and sets a target fluidity range suitable
for pipeline transportation. Under this premise, the dosages of each superplasticizer are
adjusted to achieve this target fluidity, followed by a comparative analysis of their effects
on the rheological parameters (characterizing intrinsic flow capacity) and bleeding rate
of the slurry. This study seeks to reveal the macroscopic interaction mechanisms between
different superplasticizers and tailings slurries under equal fluidity conditions, clarifying
which superplasticizer provides superior rheological control and stability when achieving
equivalent workability. Ultimately, this provides a direct theoretical basis and technical
support for the scientific selection of superplasticizers and mix proportion optimization in
mining blasthole stemming engineering.

2. Experiment
2.1. Raw Materials and Mix Proportions

The BSS in this study was prepared using unclassified tailings, chemical admixtures,
and mixing water. The tailings were sourced from a typical metal mine, and their chem-
ical composition (determined by X-ray fluorescence spectrometry, PANalytical Axios) is
presented in Table 1. The primary chemical elements in the tailings are Si, Al, Na, and
K. The particle size distribution of the tailings (measured by laser diffraction, Malvern
Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK)) is shown in Figure 2. The most
probable particle size of the tailings ranges from 10 to 20 pm. The true density of the
tailings was measured by the pycnometer method in triplicate, giving an average value
of 2.500 g/cm3. The specific surface area obtained from the laser diffraction particle size
analysis is 0.982 m?/g.
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Table 1. Chemical compositions of unclassified tailings.

Chemical Element Content/% Chemical Element Content/%
Si 33.91 As 0.01
Al 7.57 Bi 0.01
Na 3.55 /n 0.01
K 3.31 Cu <0.005
Fe 0.73% Ba <0.005
Ca 0.38 Be <0.005
Li 0.14 Cd <0.005
Mn 0.11 Co <0.005
Mg 0.07 Ni <0.005
Pb 0.04 Sb <0.005
Cr 0.02 Sn <0.005
S 0.02 Sr <0.005
Ti 0.02 \Y% <0.005
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Figure 2. Particle size distribution of unclassified tailings.

Three types of commercial powder superplasticizers were procured from BASF and
selected for the tests: PCE, NF, and MF. These three superplasticizers exhibit distinct differ-
ences in molecular structure and dispersion mechanisms. Both NF and MF superplasticizers
belong to traditional anionic surfactants. Their molecular chains have a linear structure and
are primarily adsorbed onto the surface of tailings particles through sulfonic acid groups.
Their dispersion mechanism relies mainly on altering the Zeta potential of the particle
surfaces, known as the electrostatic repulsion effect [17,18]. This type of force is highly
efficient in low-concentration or low-adsorption environments but is easily affected by the
electrolyte shielding effect at high concentrations. In contrast, the PCE superplasticizer
possesses a unique “comb-like” molecular structure, characterized by a backbone that
adsorbs onto particles and long side chains that extend into the solution. Its dispersion
mechanism involves not only electrostatic repulsion but, more importantly, relies on the
steric hindrance effect generated by the long polyethylene oxide (PEO) side chains in the
solution [19,20]. This steric repulsion is independent of the solution’s electrical conductivity,
thus typically exhibiting superior dispersion retention capability in tailings slurries with
high solid content and high ionic strength.
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2.2. Mix Proportions

To elucidate the mechanisms by which different types of admixtures affect the fresh
properties of BSS, this study adopted the “Equal Fluidity Control Method” as the core
experimental design principle. Specifically, a target fluidity range suitable for pipeline
pumping was established (set at 16.0 &= 0.5 cm in this study). This range was determined
based on preliminary laboratory tests and field trial experience with the integrated stem-
ming truck (Figure 1). Samples with relatively lower fluidity tended to cause pipeline
blockages during pilot pumping tests, while those with higher fluidity exhibited excessive
bleeding and segregation. The fluidity of approximately 16.0 cm was found to provide an
optimal balance between pumpability and stability. The dosage of each admixture was
then adjusted to ensure that BSS with different mix proportions all achieved this target
fluidity, thereby allowing for a comparative analysis of their rheological parameters and
stability differences. It should be noted that although the fluidity of D1 (16.50 cm) is within
the target range, it has reached the upper boundary of the target range.

Based on preliminary test results, three typical high-concentration conditions—65%,
68%, and 71%—were selected for in-depth investigation (corresponding to Groups B,
C, and D in Table 2, respectively). For each concentration condition, the three types of
admixtures (PCE, NF, and MF) were incorporated, and their dosages were finely tuned
until the BSS fluidity fell within the target range. If a specific admixture failed to achieve
the target fluidity at a given concentration regardless of the dosage applied, that test group
was excluded. Additionally, groups without any admixture (A0, B0, CO, and DO) were
established as baseline control groups to quantify the modification effects of the admixtures.

Table 2. Mix proportion of the BSS.

Chemical Admixtures

BSS Con- oqe eps . qe
Sample centration Tailing/g Water/g Types Dosage Ratios Sgglllttl;/l:g Fluidity/cm
A0 62.00% 62.00 38.00 None 0% 0 16.10
BO 65.00% 65.00 35.00 None 0% 0 11.35
Bl 65.00% 65.00 35.00 PCE 0.23% 0.1495 15.85
B2 65.00% 65.00 35.00 NF 0.05% 0.0325 16.00
B3 65.00% 65.00 35.00 MF 0.23% 0.1495 15.63
Co 68.00% 68.00 32.00 None 0% 0 7.75
C1 68.00% 68.00 32.00 PCE 0.34% 0.2312 16.20
C2 68.00% 68.00 32.00 NF 0.22% 0.1496 15.80
DO 71.00% 71.00 29.00 None 0% 0 6.95
D1 71.00% 71.00 29.00 PCE 0.51% 0.3621 16.50

Note: “None” indicates that no chemical admixture was added. The dosage of chemical admixture refers to the
mass ratio of the chemical admixture to the tailings.

2.3. Test Methods
2.3.1. Fluidity Test

The fluidity of the BSS was measured using the truncated cone mold method, following
the standard GB/T 8077-2012 [21]. A copper mold with a top diameter of 36 mm, a bottom
diameter of 60 mm, and a height of 60 mm was used. The uniformly mixed BSS was
filled into the mold and leveled. After the mold was lifted vertically, two perpendicular
diameters of the spread BSS under its own weight were measured, and their average value
was taken as the fluidity index.

Extensive preliminary screening tests were first conducted to identify the appropri-
ate dosage range for each superplasticizer. Verification tests were then performed to
confirm that the BSS fluidity of each selected formulation fell within the target range
of 16.0 £ 0.5 cm.
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2.3.2. Rheological Test

The rheological curves of the BSS were measured using a Brookfield rheometer (Model
RST), as shown in Figure 3. The test was initiated within 8 min of water-solid contact, using
a VT-40-20 rotor (vane diameter: 40 mm, vane height 20 mm). The vane geometry was
adopted to mitigate wall slip effects. Approximately 200 mL of fresh BSS was used for
each measurement. All tests were conducted at 25 + 1 °C. Prior to the test, the BSS was
pre-sheared at a shear rate of 150 s~! for 0.5 min. Subsequently, the shear rate was gradually
increased from 0 to 150 s~1, and the variation of shear stress with shear rate was recorded.
No significant sedimentation was observed during the short measurement period.

bl&r‘ﬁtgﬁlz J‘

Rheologicaltesting Area

Figure 3. Rheological test of BSS.

Given that the BSS exhibits notable yield stress as well as shear-thinning / thickening
characteristics, the Herschel-Bulkley model was employed to perform nonlinear fitting on
the experimental data [22,23]. The selection of the Herschel-Bulkley model over other non-
linear rheological models was based on a comprehensive evaluation of fitting convergence
and higher correlation coefficients. The rheological expression of the Herschel-Bulkley
model is shown in Equation (1):

T:T0+K'(%> (T > 1)

)

%: (T < 1)

where 7 is shear stress (Pa); Tg is yield stress (Pa); <y is shear strain (-); dy/dt is shear rate
(s 1);  is the consistency coefficient (Pa-s™); and # is the consistency index (-).

For fluids exhibiting yield stress along with shear-thickening or shear-thinning behav-
iors, the viscosity characteristics are typically characterized by differential viscosity [24,25].
In the Herschel-Bulkley model, the formula for calculating differential viscosity is shown
in Equation (2). When the consistency index 7 is greater than 1, the fluid exhibits shear-
thickening characteristics; when # is between 0 and 1, the fluid exhibits shear-thinning
characteristics; and when n equals 1, the Herschel-Bulkley model degenerates into the
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Bingham model. In this case, the differential viscosity is equivalent to the plastic viscosity,
remaining a constant value independent of the shear rate [26,27].

n—1
ha=rn- (%) @

where 17, is differential viscosity (Pa-s).

2.3.3. Bleeding Test

The uniformly mixed BSS was poured into a plastic bottle and sealed during the test to
prevent water evaporation. After standing for 15 min, 30 min, 45 min, and 60 min, a pipette
was used to extract the clear water separated at the top, and the mass of the extracted water
was measured. The bleeding rate test is illustrated in Figure 4, and the bleeding rate is
calculated using the following equation:

_ Wi
— (W/m)(my — my)

B x 100% 3)
where B is the bleeding rate (%); W1 is the mass of absorbed water (g); W is the mass of
water in the BSS mixture (g); m is the total mass of the BSS mixture (g); m; is the mass of
the conical flask with the sample (g); and m, is the mass of the empty conical flask (g).

Figure 4. Bleeding rate test of BSS.

3. Results
3.1. Superplasticizer Dosage Response at Equal Fluidity

Figure 5 presents the dosages of different superplasticizers required to achieve the
target fluidity (16.0 &= 0.5 cm) for the BSS at various solid mass fractions.

Under the low-concentration condition (65%), all three types of superplasticizers effec-
tively improved the BSS’s fluidity. Among them, the naphthalene-based superplasticizer
(NF) exhibited the highest dispersion efficiency, requiring only a 0.05% dosage to reach the
target fluidity, which is markedly lower than that of PCE (0.23%) and MF (0.23%).
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As the concentration increased to 68%, the dosages required to maintain the target
fluidity generally increased. The dosage of NF needed to be raised to 0.22%, while that of
PCE increased to 0.34%. Notably, at this concentration, even with a substantial increase
in dosage, MF failed to bring the BSS fluidity within the target range, indicating that the
dispersion capability of MF reached saturation at this concentration.

A0: 62%; None

B1: 65%; PCE B2: 65%; NF B3: 65%; MF

C1: 68%; PCE C2: 68%; NF D1: 71%; PCE
(a) Dosage of different types of superplasticizers at equal fluidity.

Bl None  Fluidity: 16.00 + 0.50 cm

A MF
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g2 00
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(b) Fluidity test results

Figure 5. Analysis of superplasticizer dosage for BSS under equal fluidity conditions.

When the concentration was further increased to 71%, only PCE was able to maintain
the BSS fluidity at 16.50 cm by increasing the dosage to 0.51%. In contrast, both NF and MF
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became ineffective under this high-concentration condition and could not meet the fluidity
requirements through dosage adjustments.

Overall, in the low-concentration range, NF demonstrated the best fluidity improve-
ment effect; whereas in the high-concentration range (71%), PCE was the sole effective
admixture capable of maintaining high BSS fluidity.

3.2. Rheological Properties at Equal Fluidity
3.2.1. Shear Stress vs. Shear Rate

Figure 6 presents the rheological curves showing the variation of shear stress with
shear rate for each BSS group. All tested samples exhibited a nonlinear increase in shear
stress with increasing shear rate, fitting well with the Herschel-Bulkley model (R? > 0.99).
Overall, as the solid mass fraction increased, the shear stress response of the BSS intensified
substantially, with Group D1 (71% concentration) exhibiting the highest shear stress levels.
Under equal fluidity conditions, the type of superplasticizer also exerted a distinct influence
on the rheological curves. At concentrations of 65% and 68%, the samples containing PCE
(B1 and C1) showed higher shear stress values at the same shear rate compared to those
containing NF (B2 and C2) or MF (B3). Notably, at 65% concentration, the curves for the
NF and MF groups nearly overlapped, indicating similar internal friction characteristics,
whereas the PCE system maintained a noticeably higher stress response to achieve the
same macroscopic fluidity.

250 - AO0: 62%; None
e B1: 65%; PCE
& B2: 65%; NF
200 e
g y Cl: 68%; PCE
3 150+ e C2: 68%: N
s /
£ 100 =
7 : Cl: 7=26.35+0.6847xdy/dr"*?°  R?-0.9970
504 7 , C2: 7=26.36+1.158x(dy/di ‘( 2=0.9965
Bl: 7=19.28+0.3928xdyd "%  R?=0.9956
0

0 2|0 4|0 610 8I0 160 150 1210 léO B2: =17.74+0.4974x (l;/’dl“w'(’ R>=0.9942

. 1188 2
Shear rate (s™") A0: 7=21.53+0.04837%dy/d¢ R*=0.9896

Figure 6. Rheological curve characteristics of BSS under equal fluidity conditions.

3.2.2. Yield Stress; Consistency Coefficient; Consistency Index

Figure 7 illustrates the evolution of rheological parameters derived from the Herschel-
Bulkley model fitting. As shown in Figure 7a, the yield stress (7p) of the control group
(A0) and the 65% and 68% concentration groups (B1-C2) remained at comparable levels.
However, Group D1 (71% + PCE) exhibited an anomalously low yield stress, approaching
0 Pa. This indicates that despite the high solid content, the high dosage of PCE effectively
disrupted the initial flocculation structure of the BSS. Regarding the consistency coefficient
(x), Figure 7b shows that the x values for all superplasticizer-added groups were consider-
ably higher than those of the control group AQ. This parameter increased exponentially
with concentration and PCE dosage, with Group D1 exhibiting the highest magnitude. Fur-
thermore, the consistency index (1) revealed a transition in fluid characteristics (Figure 7c).
The control BSS A0 exhibited shear-thickening behavior (1 > 1), whereas all BSS containing
superplasticizers displayed shear-thinning behavior (n < 1). Group D1 showed the most
pronounced shear-thinning characteristics, with the lowest n value of 0.58.
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(c) Consistency index.
Figure 7. Comparative analysis of rheological parameters of BSS under equal fluidity conditions.

3.2.3. Differential Viscosity Characteristics

Figure 8 depicts the variation of differential viscosity with shear rate for the different
BSS mixtures. A sharp contrast in viscosity behavior was observed between the control
group and the superplasticizer-added groups. The control BSS A0 exhibited a shear-
thickening trend, where viscosity increased with increasing shear rate. Conversely, all BSS
containing superplasticizers (B1-D1) demonstrated typical shear-thinning behavior, with
viscosity decreasing as shear rate increased. A comparison of different superplasticizers
at 65% and 68% concentrations revealed that to achieve the target fluidity, the PCE-added
groups (B1 and C1) generally maintained a slightly higher differential viscosity than the NF
and MF groups. Most notably, Group D1 (71% + PCE) exhibited extreme shear sensitivity:
it possessed a very high viscosity in the low shear rate region (10-20 s~ 1), but the viscosity
dropped rapidly and substantially as the shear rate increased, confirming the strong shear
dependence of the high-concentration PCE system.

3.3. Bleeding Performance at Equal Fluidity

Figure 9 presents the variation in bleeding rate for each BSS group during a 60-min
static period. The control group A0 (62% concentration, without admixture) exhibited the
highest bleeding rate, which increased rapidly over time, indicating poor stability and
a high tendency for particle settlement. The introduction of superplasticizers markedly
improved the stability of the BSS. At a 65% concentration, the bleeding rates of groups B1,
B2, and B3 were all lower than that of the control group A0. As the solid concentration
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increased to 68% and 71%, the bleeding phenomenon was further suppressed. Specifically,
the high-concentration groups C1 (68% + PCE), and D1 (71% + PCE) essentially achieved
“zero bleeding” throughout the 60-min observation period. The high-concentration groups
C2 (68% + NF) exhibited a bleeding rate of <0.2% over the 60-min observation period,
approaching zero bleeding. These results confirm that, under equal fluidity conditions,
increasing the solid concentration combined with an appropriate dosage of superplasticizer
can effectively eliminate water segregation and ensure the homogeneity of the BSS.
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Figure 8. Comparative analysis of differential viscosity of BSS under equal fluidity conditions.

4.0
3.5
3.0
2.5
2.0
151
1.0
0.5
0.0

Bleeding rate (%)

— A0: 62%; None

.— B1: 65%; PCE
——— B2: 65%; NF
| —— B3: 65%; MF
C1: 68%: PCE

C2: 68%; NF x

—— DI1:71%; PCE

T

15 30 45 60

Time (min)

Figure 9. Comparative analysis of bleeding rate variation over time for BSS under equal fluidity
conditions. (Error bars represent standard deviation of triplicate measurements.).
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4. Discussion
4.1. Differential Effects of Superplasticizer Molecular Structure on Dispersion Mechanisms

The experimental results in Section 3 indicate that different types of superplasticizers
exhibit distinct differences in improving the fluidity of unclassified tailings BSS. This is
primarily attributed to the distinct dispersion mechanisms determined by their molecular
structures. NF and MF superplasticizers are linear anionic surfactants containing a large
number of sulfonic acid groups (-SO3 ™) on their main chains. When these molecules adsorb
onto the surface of tailings particles, they primarily increase the negative charge density on
the particle surface to enhance the Zeta potential, thereby strengthening the electrostatic
repulsion between particles to overcome van der Waals attraction [17,18]. This mechanism
is highly effective in environments with low solid content (e.g., 65%) and low ionic strength
in the liquid phase; hence, NF demonstrated extremely high dispersion efficiency at low
concentrations in this study. However, as the concentration of the BSS increases, the free
water in the liquid phase decreases, and the concentration of electrolyte ions rises sharply.
This leads to the compression of the electrical double layer and a distinct shortening of the
range of electrostatic repulsion, which is the main reason for the failure of NF and MF at
high concentrations (71%).

In contrast, PCE superplasticizers possess a unique “comb-like” graft copolymer
structure, consisting of a charged backbone and hydrophilic PEO long side chains. The
dispersion effect of PCE involves not only electrostatic repulsion but relies more heavily on
the steric hindrance effect. When PCE adsorbs onto the particle surface, its PEO side chains
fully extend into the solution, forming an adsorption layer of a certain thickness. When
two particles approach each other, the overlapping of these adsorption layers generates
osmotic pressure and volume restriction effects, producing a powerful repulsive force. This
steric hindrance is less affected by the ionic strength of the solution, allowing it to effec-
tively prevent particle flocculation even in a high-concentration environment of 71%. This
explains why, under equal fluidity conditions, only PCE was able to maintain the stability
of the BSS at high concentrations, whereas traditional superplasticizers could not [19,20].

4.2. Rheological Behavior Transition and Shear-Thinning Mechanism of
High-Concentration Slurry

The analysis of rheological parameters reveals a transition in the flow behavior of
the BSS from low to high concentrations, and from without to with superplasticizers.
The control group A0 (62%) exhibited shear-thickening behavior (n > 1), which typically
occurs in suspensions with lower solid content and weaker inter-particle interactions,
where particles are prone to collision and interlocking under shear, leading to an increase
in viscosity. However, all groups containing superplasticizers (B1-D1) transitioned to
shear-thinning behavior (n < 1), and this characteristic became more pronounced as the
concentration increased (Group D1, nn = 0.58). This phenomenon can be explained by the
evolution of the microstructure of the particles: at rest or under low shear rates, although the
tailings particles are dispersed by the superplasticizers, the extremely small inter-particle
distance at high concentrations allows long-chain polymers (especially the side chains of
PCE) to form a complex network structure or “bridging” between particles, resulting in a
higher initial viscosity.

As the shear rate increases, these flocculated structures or networks built by polymer
chains are destroyed, and the particles begin to align along the direction of the flow
streamlines. This reduces the interlayer frictional resistance, manifesting as a decrease in
viscosity (shear-thinning). For Group D1 (71% + PCE), the extremely high dosage of PCE
means that the particle surfaces are covered with a large number of extended long side
chains. Atlow shear rates, the entanglement of these side chains leads to extremely high
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viscosity; however, under high shear, these long chains can rapidly align along the flow
direction, greatly reducing flow resistance. This strong shear-thinning characteristic is of
great significance for blasthole stemming engineering, as it implies that the BSS has low
viscosity and is easy to pump during pipeline transportation (high shear), while exhibiting
high viscosity and a low segregation rate when the BSS is static in the blasthole (low shear).

4.3. Decoupling of Yield Stress and Fluidity: The Specific Role of PCE

An interesting finding of this study is that under the same macroscopic fluidity
(16 £ 0.5 cm), there is a huge difference in yield stress (1) among different groups, with
Group D1 exhibiting a yield stress approaching zero. It is generally believed that fluidity
is negatively correlated with yield stress, but in the high-concentration PCE system, this
correlation appears to be “decoupled.”

To explain this phenomenon, it must first be acknowledged that the macroscopic fluid-
ity test measures the spreading ability of the BSS under its own gravity after overcoming
the initial resistance [28]; whereas the yield stress measured by the rheometer reflects the
critical stress required to destroy the three-dimensional flocculation structure within the
BSS [29]. For Group D1, the high dosage of PCE forms a thick adsorbed water film and
a steric hindrance layer on the particle surface, which greatly weakens the direct contact
and friction between particles. As a result, there is almost no rigid flocculation network
within the BSS capable of resisting deformation, leading to an extremely low yield stress.
However, due to the high concentration of 71%, the liquid phase layer between particles
is extremely thin, and the entanglement of the long PCE side chains provides a higher
differential viscosity. Therefore, the BSS in Group D1 presents a special rheological state
characterized by “low yield stress and high differential viscosity.” This state allows the BSS
to flow under minimal disturbance (low yield stress) while maintaining a certain degree of
cohesion during flow (high viscosity), which perfectly explains why this group of BSS could
maintain high fluidity while achieving zero bleeding. Future work employing oscillatory
stress sweep or creep tests is recommended to further validate this observation.

4.4. Stability Mechanism Under the Synergistic Effect of Concentration and Superplasticizers

The bleeding rate of the BSS is an important indicator of its stability [30,31]. The exper-
imental results show that as the concentration increased and superplasticizers were incor-
porated, the bleeding rate of the BSS decreased substantially, with the high-concentration
groups achieving zero bleeding. This phenomenon is the result of the combined effects
of gravitational sedimentation, particle network support force, and liquid phase viscosity.
According to Stokes’ law, the settling velocity of particles is proportional to the square of
the particle diameter and inversely proportional to the viscosity of the liquid phase [32].
Although the addition of superplasticizers disperses the flocs and reduces the equivalent
particle size, which helps to reduce sedimentation, its main contribution lies in altering the
interaction potential between particles.

At a high concentration of 71%, the distance between particles is very close, forming a
dense particle packing structure. At this point, the adsorption layer of PCE molecules not
only provides steric hindrance but also reduces the friction between particles through a
“lubricating” effect. More importantly, the high-concentration particle system itself forms
a mutually supporting skeleton. When particles attempt to settle, they must overcome
the geometric constraints of surrounding particles and the viscous resistance of the liquid
phase. Furthermore, the shear-thinning characteristic introduced by PCE means that in the
static state (low shear), the BSS possesses a high structural viscosity, which further hinders
the migration of water and the sedimentation of particles. Therefore, the synergistic effect
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of high concentration and PCE constructs a kinetically extremely stable suspension system,
thereby achieving excellent anti-segregation performance.

5. Conclusions

To address the conflict between fluidity and stability of pumpable blasthole stem-
ming slurry (BSS) under high-concentration conditions, this study established an eval-
uation system based on “equal fluidity.” It systematically compared the effects of three
superplasticizers—polycarboxylate (PCE), naphthalene-based (NF), and melamine-based
(MF)—on the rheological properties and stability of unclassified tailings BSS, and revealed
their underlying microscopic mechanisms. The main conclusions are as follows:

(1) Under low-concentration conditions (65%), the NF exhibited the highest dispersion
efficiency driven by the electrostatic repulsion mechanism. However, as the concentra-
tion increased, the electrostatic repulsion weakened sharply due to the compression
of the electrical double layer. In contrast, the PCE, relying on the steric hindrance
effect, demonstrated an irreplaceable advantage in the high-concentration environ-
ment (71%), proving to be the sole effective admixture capable of maintaining high
BSS fluidity.

(2) The introduction of superplasticizers induced a transition in the BSS from shear-
thickening to shear-thinning behavior. Notably, the high-concentration PCE system
(71%) presented a unique state characterized by “low yield stress and high differential
viscosity.” This rheological characteristic achieved a decoupling of macroscopic fluid-
ity from the microscopic structure: the low yield stress endowed the BSS with excellent
self-leveling capability, while the high plastic viscosity ensured its internal stability.

(38) The synergistic effect of high concentration and PCE constructed a kinetically stable
suspension system. At a high solid content of 71%, the particles were densely packed,
and when combined with the high structural viscosity formed by the long PCE
side chains, particle sedimentation and water migration were effectively suppressed.
Experiments demonstrated that this system achieved zero bleeding while maintaining
excellent pumpability.

In summary, for the preparation of high-concentration pumpable BSS, the PCE is
the preferred material over traditional superplasticizers. The “equal fluidity” evaluation
method proposed in this study, along with the revealed rheological control mechanisms,
provides a theoretical basis for the mix proportion design of BSS in mine paste backfill and
blasthole stemming engineering.
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