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Abstract: Coal fly ash has potential applications in the management of reactive mine tailings.
The shear stress versus shear rate curves obtained during viscometer tests are presented to describe
the rheological behaviors of tailings slurries mixed with fly ash. The investigation was conducted
on specimens prepared with different fly ash additions as well as prepared at variable conditions
of temperature, mixing time, and CaCl2 solution. It was observed that the rheological properties
of ash-tailings slurry mixtures are influenced by the hydration of fly ash as well as the particle
packing and arrangement. Rheological properties of specimen mixtures were determined from
the resulting flow curves using the existing rheological models. The performance of prediction
models in calculating the rheological properties of the mixed specimens, as quantified by the root
mean square error (RMSE), varied with the mixture constituents, temperature, and time. In general,
the Papanastasion, Herschel-Bulkley, Sisko, and Robertson-Stiff models were found to be favorable
for use with mixtures of fly ash and tailings slurries, compared to the Bingham, Modified Bingham,
Casson, and De Kee models.
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1. Introduction

Mining operations invariably result in a vast amount of milling wastes. Tailings are fine-grained
materials that remain after valuable metals and minerals have been extracted from ore. They are typically
in the form of a slurry that is deposited hydraulically in tailings dams and in-pit impoundments. How to
produce the desired flow and material characteristics of the tailings is a major issue facing mining
and mineral processing industry. Knowledge regarding the rheological behavior of tailings slurry is
necessary to establish the most appropriate conditions for handling and transportation. In addition
to the efficient fluidity of the tailings, another challenge of the tailings management is to reduce their
environmental impacts. The tailings that contain a variety of residual sulphides may generate the acid
rock drainage (ARD) from the oxidation of sulphides, leading to the heavy metal contamination of
surface water and groundwater. The reactive tailings can be stabilized by incorporating agents such
as cement, lime, fly ash, and organic matters [1,2]. Both tailings and fly ash can be used as the main
ingredients in paste backfill production in order to reduce their high volume [3].

Previous studies [4–7] have shown that the rheology of mineral-water mixtures including tailings
slurry and paste is dependent on the size, shape, grade, and surface properties of particles, mineral
constituents, solid content, pore fluid chemistry, and chemical additives. However, the rheological
investigation of the tailings slurry mixed with fly ash as an additive has attracted only limited attention.
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Coal fly ash is a coal combustion byproduct, which can be used alone or as an admixture in tailings
managements due to its cementitious and alkaline nature [8–14]. Stanmore and Page [15] measured
the yield stress of dense fly ash slurries by a vane technique and stated that the yield stress increased
with time owing to the pozzolanic reaction of precipitated calcite. Mahlaba [16] studied the yield
stress of saline fly ash paste and noted that the higher salinity in fly ash pastes becomes less flowable
paste. Simon and Grabinsky [17] analyzed the apparent yield stress of cemented tailings paste with fly
ash and stated that the apparent yield stress increases upon the addition of fly ash due to improved
particle packing. Recently, Haiqiang et al. [7] examined the effect of fly ash on the yield stress of
cemented tailings paste and demonstrated that the replacement of cement with fly ash can enhance
the transportability of the cemented tailings paste.

In this study, the shear stress-shear rate data are measured for fly ash mixed tailings slurries with
different concentrations of fly ash. The variables investigated also include temperature, mixing time,
and calcium chloride concentration. The rheological properties of ash-tailings slurries are estimated
using various rheological models to fit flow curves, and the suitability of rheological models adopted
for their calculation is assessed in terms of the root mean square error (RMSE). The present study
allows a better understanding of the slurry compositions, temperature, and time effects on the rheology
of ash-tailings slurries, which is useful for the design of slurry mixtures.

2. Background Theory

The rheology of a material in motion is generally described by a relationship between the shear
stress in the material and the rate of shear strain, called the flow curve or rheogram. Examples of
the flow curve are illustrated in Figure 1. The most common rheological model is Newton’s law of
viscosity, which correlates the shear stress to the shear rate by means of a proportionality constant.
By extension, the term viscosity is used to represent the slope of the flow curve. Materials that do not
obey Newton’s law of viscosity are referred to as non-Newtonian. For instance, in mineral suspensions,
the minimum shear stress is required for material deformation and flow to occur. This type of behavior
is known as plastic. For a non-linear flow curve, shear-thinning or shear-thickening response may be
observed in a material under flow conditions. The former is when the viscosity decreases with the
increasing shear rate and the latter exhibits an opposite trend.
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Numerous analytical models exist in the literature for the prediction of rheological characteristics
of mineral slurry. Many of these proposed models are either empirically or theoretically established,
but highly specific to the experimental data of a particular material. Other models have wider feasibility,
but still contain parameters whose values must be obtained empirically, suggesting that no unified
model or prediction methodology has been found with universal applicability. Therefore, various
rheological models were used in this study as listed below:
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Bingham
τ = τ0 + ηpγ (1)

Modified Bingham
τ = τ0 + ηpγ + cγ2 (2)

Casson √
τ =
√
τ0 +

√
ηpγ (3)

De Kee
τ = τ0 +

ηpγ

exp(αγ)
(4)

Papanastasion
τ = τ0[1− exp(−βγ)] + ηpγ (5)

Herschel-Bulkley
τ = τ0 + Kγn (6)

Sisko
τ = µ∞γ + Kγn (7)

Robertson-Stiff
τ = K(γ + b)n (8)

where, τ0 is the yield stress (Pa), ηp is the plastic viscosity (Pa·s), µ∞ is the viscosity at infinite shear
rate (Pa·s), K is the consistency (Pa·sn), and n is the rate index (dimensionless). α and β are the
time-dependent parameters (s), and b and c are the empirical parameters which have dimensionless
and Pa·s2 units, respectively.

Model (1) is normally used for rheological investigations on mineral slurries such as tailings
slurry [4,18] and Models (2), (3), and (6) are employed in comparative studies of rheological
models [6,19]. The yield stress can be determined by Models (1)–(6) and the plastic viscosity can
be calculated by Models (1)–(5) [20]. Models (6)–(8) can estimate the consistency and rate index,
respectively [21].

3. Materials and Methods

3.1. Materials

The materials used this study include mine tailings, coal fly ash, distilled water, and calcium
chloride (CaCl2). The mine tailings and coal fly ash were recovered in the dry state from a gold mine
site and an electric power plant, respectively. The particle sizes of tailings and fly ash were measured by
a laser diffraction particle size analyzer, and the particle size distribution curves are shown in Figure 2.
Both materials are well graded and primarily silt-sized. The tailings had a median particle size around
25.6 µm with 90.6% fines (<75 µm), while the fly ash was finer with a median particle size around 15.1
µm with 97.8% fines. Quartz (37%), amphibole (30%), illite (26%), chlorite (4%), and pyrrhotite (3%)
are the typical minerals in tailings, as detected by X-ray diffraction analysis. Yeheyis et al. [9] reported
that the net neutralizing potential (NNP) of the tested tailings was −18.46 kg CaCO3/t, calculated
using the modified Sobek method [22], indicating that the tailings are net acid generating. The fly
ash is classified as off-specification ash, namely it does not meet the criteria for Class C or Class F in
accordance with ASTM C618 (American Society for Testing Materials) [23]. The pH values of tailings
and fly ash were determined as 8.4 and 11.5, respectively, following ASTM D 4972 [24] and D 5239 [25].
Distilled water was used in preparing the slurry specimens. CaCl2 powder was used as chemical
admixture and the addition of CaCl2 to the distilled water allowed for the preparation of the electrolyte
solution with various concentrations of 0.05 and 0.2 M.
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3.2. Specimen Preparation

Mine tailings generated at ore extraction processing are typically in the form of a slurry that has
low solids content and high water content. The volume concentration of tailings within a slurry is
denoted as Ct (volume of tailings to tailings slurry ratio). The volume concentration of added fly ash is
represented as Cf (volume of fly ash to ash-tailings slurry ratio). The total solid concentration is then Cs

(volume of solid particles to ash-tailings slurry ratio), as expressed by Cf + (1 − Cf)Ct. The constituents
of the specimen mixtures are summarized in Table 1. The solid concentrations of the ash-tailings slurry
mixtures varied between 24% and 32%, which lies in the typical range of thickened tailings for surface
disposal [5].

Table 1. Summary of mixture constituents for rheological measurement.

Label Ct (%) Cf (%) Cs (%) Temperature (◦C) Mixing Time (min) CaCl2
Concentration (M)

Effect of fly ash concentration

F 5-25-10-0 20 5 24 25 10 0
F 10-25-10-0 20 10 28 25 10 0
F 15-25-10-0 20 15 32 25 10 0

Effect of temperature

T 15-5-10-0 20 15 32 5 10 0
T 15-25-10-0 20 15 32 25 10 0
T 15-45-10-0 20 15 32 45 10 0

Effect of mixing time

M 15-25-10-0 20 15 32 25 10 0
M 15-25-40-0 20 15 32 25 40 0
M 15-25-70-0 20 15 32 25 70 0

Effect of CaCl2 concentration

C 15-25-10-0 20 15 32 25 10 0
C 15-25-10-0.05 20 15 32 25 10 0.05
C 15-25-10-0.2 20 15 32 25 10 0.2
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A high-speed mixer with one blade at the end level was used to produce the mixed specimens.
The tailings slurries were prepared by mixing mine tailings and distilled water (or CaCl2 solution) in
varying proportions by weight. The specified amount of fly ash was added to a tailings slurry and
then mixed and homogenized. The slurries tested in this study were subjected to prolonged mixing
for up to 70 min under three ambient temperatures, i.e., 5, 25, and 45 ◦C. The mixing took place in
a temperature-controlled environmental chamber. Before the commencement of mixing, all materials
were placed inside the chamber to reach the desired ambient temperature for at least 24 h. The first
specimen mixture was taken at 10 min after the contact between fly ash and tailings slurry, and placed
in a beaker for the first rheological measurement. Subsequently, a new specimen mixture was taken
every half-hour.

3.3. Rheological Measurement

Rheological measurements of the ash-tailings slurry mixtures were carried out using a Brookfield
DV-II viscometer. All measurements were done in the environmental chamber, as was the mixing.
Immediately after introduction in the viscometer, the specimen was pre-sheared at a constant rate for
2 min in order to break down the slurry structure. After 20 s at rest, the specimen was subjected to
a hysteresis loop varying from 10 to 200 rpm and back to 10 rpm. The elapsed time for each ascending
and descending period was 160 s. Each rotational speed was applied for 10 s to ensure the presence of
the steady state before measurement. The downward curve of the viscosity versus rotational speed,
which is generally more consistent and repeatable, was converted into the rheogram, i.e., the shear
rate versus shear rate curve, using the procedures of Mitchka [26].

3.4. Data Analysis

The rheological models were fitted to measured flow curves using MATLAB, which also calculated
the root mean square error (RMSE). The RMSE can be defined as the average squared difference
between the predicted and measured values; the lower value of RMSE indicates a smaller error
between the predicted and measured values, as given by:

RMSE =

√
∑n

i=1
(
Xp,i − Xm,i

)2

n
(9)

where Xp,i is the predicted values, Xm,i is the measured values, and n is the number of data.

4. Results and Discussion

The rheograms for the specimens of ash-tailings slurry mixtures are plotted in Figure 3. It can be
seen that the shear stress increases in a nonlinear fashion with the increase in the shear rate, indicating
a non-Newtonian behavior. Furthermore, the shear stress shows a decreasing tendency with increasing
the shear rate, implying that the slurries behave as a pseudo-plastic material. This is typical for
concentrated mineral slurries, which is attributed to the fact that the shear stress breaks the bond
between solid particles and the shear rate determines the difficulty with which they will reform.
This difficulty in reforming is improved by increasing the shear rate [27].
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4.1. Effect of Fly Ash Concentration

Figure 3a shows the influence of Cf on the rheograms of ash-tailings slurry mixtures. For a given
shear rate, an increase in shear stress is observed with the increasing fly ash content. This is likely
due to the higher formation of cementitious and pozzolanic gels such as calcium silicate hydrates
(CSH), calcium aluminate hydrates (CAH), and ettringite. The hydrated products surrounding ash
particles will bond adjacent tailings particles as well as increase the specific surface area and surface
energy, leading to the particle assembly. Another effect of fly ash addition is the increase in the solid
concentration within the slurry. When the fly ash is added, the water volume in the tailings particle
network within the slurry decreases and the number of direct particle-particle contacts increases.
Deng et al. [28] reported that the shear thinning behavior becomes more pronounced as the solid
concentration increases, which was not observed in the specimen mixtures. Also, the finer ash particles
fill the voids between the larger tailings, thereby making it more difficult for the solid particles to slide
past one another during shearing. Similar findings were reported by Sosio and Crosta [29] for binary
granular suspensions.

4.2. Effect of Temperature

Figure 3b highlights the influence of temperature on the rheograms of ash-tailings slurry mixtures.
At a constant shear rate, the increase of temperature results in slurry mixtures with lower shear stress.
This is attributable to the fact that an increase in temperature increases both the ionic and particle
activities in addition to the occurrence of aggregation breakdown. However, the difference in shear
stresses at different temperatures becomes less sensitive for higher temperatures, indicating that the
acceleration of fly ash hydration at higher temperatures produces larger amounts of cementitious
products, which in turn increase shear stress. Heikal et al. [30] found that the increase of temperature
changes the adsorption capacity of cement pastes, which improves the paste fluidity.
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4.3. Effect of Mixing Time

Figure 3c presents the influence of mixing time on the rheograms of ash-tailings slurry mixtures.
It is noticed that at a fixed shear strain, the shear stress increases linearly with time. This result
implies that the rate of fly ash hydration is apparently constant during the prolonged mixing time,
and an ongoing buildup in the network structure bonded by hydration products occurs. Petit et al. [31]
explored the effect of time on the rheological properties of highly flowable mortars and revealed that
the yield stress increases in a linear fashion with time up to the end of the dormant period for the
admixtures considered.

4.4. Effect of CaCl2 Concentration

Figure 3d demonstrates the influence of CaCl2 concentration on the rheograms of ash-tailings
slurry mixtures. Higher shear stresses are observed as the CaCl2 concentration of the slurry increases.
The increased shear stress is undoubtedly caused by the richness in calcium as the dominant pore
fluid cation at a basic environment, induced by adding the alkaline fly ash. Lee et al. [10] noted
that CaCl2 accelerates the formation of hydration products and the early strength development in
fly ash-stabilized tailings. Moreover, the elevated ionic strength in slurries changes the interparticle
interactions arising from the solid-fluid interfacial chemistry and promotes the formation of aggregated
and flocculated structures [32], leading to higher shear stress.

4.5. Determination of Rheological Properties

Figure 4a shows the variation of yield stress for ash-tailings slurry mixtures with different Cf,
temperatures, mixing times, and CaCl2 concentrations as estimated by various rheological models.
All mixtures have a certain amount of yield stress, indicating that effort is needed to make the
slurry flow. In general, yield stress values increase with an increase of Cf, mixing time and CaCl2
concentration, while an opposite trend is observed for the temperature. The Papanastasion model
provides the highest yield stress values among all rheological models for all specimen mixtures,
probably because this model sophisticatedly reflects the low shear stress against the low shear rate
range of the rheogram. The Hershel-Bulkley model evaluates the lowest yield stress values except for
the slurry tested at the temperature 45 ◦C. The modified Bingham and De Kee models gave comparable
yield stress values.

Figure 4b displays the plastic viscosity data estimated by the Bingham, Modified Bingham, Casson,
De Kee, and Papanastasion models, and the viscosity at infinite shear rate estimated by the Sisko
model for ash-tailings slurry mixtures. There is a general tendency for the plastic viscosity to increase
with increasing Cf, mixing time and CaCl2 concentration, but to decrease with increasing temperature.
These trends are similar to those of yield stress. The highest plastic viscosity is achieved for the De
Kee model, followed by the Modified Bingham, Bingham, and Papanastasion models, respectively.
The Casson model evaluates the lowest plastic viscosity values among all rheological models for all
specimen mixtures. Meanwhile, the viscosity at an infinite shear rate as estimated by the Sisko model
consistently increases with increasing the Cf and CaCl2 concentration as well as the temperature.
In contrast, the effect of increasing the mixing time does not show a clear trend.

Figure 4c presents the consistency and rate index values estimated by the Herschel-Bulkley, Sisko,
and Robertson-Stiff models for ash-tailings slurry mixtures. As seen, increasing the Cf, mixing time
and CaCl2 concentration tends to increase the consistency whereas increasing the temperature results
in lower values of consistency. Generally, the Sisko model evaluates the highest consistency values,
followed by the Robertson-Stiff and Herschel-Bulkley models, respectively. Figure 4d indicates that the
consistency values range between 0.404 and 0.798, and the effect of increasing the influencing factors,
i.e., Cf, mixing time, temperature, and CaCl2 concentration, does not follow any specific trend.
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Table 2 compares the root mean square errors (RMSEs) calculated by various rheological models
for ash-tailings slurry mixtures. Higher RMSEs were obtained with the increases in mixing time and
CaCl2 and the decrease in temperature, irrespective of the model used. The Bingham model results
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in the least favorable fitting because the linear shape of the Bingham model does not allow for the
accurate fitting of the shear-thinning behavior. In general, the Papanastasion, Herschel-Bulkley, Sisko,
and Robertson-Stiff models appear to be more accurate in fitting the measured data for ash-tailings
slurry mixtures.

Table 2. Root mean square error obtained by various rheological models for specimen mixtures.

Sample ID B MB C D P HB S RS

Cf = 5% 0.620 0.181 0.300 0.166 0.236 0.120 0.124 0.120
Cf = 10% 0.987 0.276 0.524 0.267 0.439 0.259 0.266 0.258
Cf = 15% 1.031 0.419 0.417 0.393 0.269 0.205 0.170 0.220

Temp = 5 ◦C 1.947 0.621 0.980 0.559 0.612 0.294 0.290 0.298
Temp = 25 ◦C 1.031 0.419 0.417 0.393 0.269 0.205 0.170 0.220
Temp = 45 ◦C 0.704 0.396 0.256 0.383 0.145 0.256 0.201 0.274

Time = 10 min 1.031 0.419 0.417 0.393 0.269 0.205 0.170 0.220
Time = 40 min 1.507 0.571 0.746 0.513 0.311 0.197 0.182 0.202
Time = 70 min 1.652 0.892 0.872 0.836 0.293 0.501 0.470 0.508

CaCl2 0 M 1.031 0.419 0.417 0.393 0.269 0.205 0.170 0.220
CaCl2 0.05 M 1.573 0.582 0.841 0.512 0.314 0.187 0.191 0.185
CaCl2 0.2 M 1.392 0.688 0.602 0.652 0.231 0.380 0.312 0.404

Note: B = Bingham; MB = Modified Bingham; C = Casson; D = De Kee; P = Papanastasion; HB = Herschel-Bulkley;
S = Sisko; RS = Robertson-Stiff.

5. Conclusions

The shear stress-shear strain curves of ash-tailings slurries as functions of the fly ash concentration,
temperature, mixing time, and CaCl2 concentration were measured and analyzed. The performance of
prediction models was assessed in determining the rheological properties of the specimen mixtures.
Based on the experimental results and data analysis, the following conclusions can be drawn:

(1) All specimens of fly ash mixed with mine tailings slurry have a non-Newtonian shear-thinning
behavior. The shear stress of specimen mixtures increases with increasing the addition of fly ash
to tailings slurry. This may be due to the combined effects of the enhanced structural network
bonded by hydration products and the dense particle packing.

(2) The specimen mixtures at high temperatures have lower values of shear stress, attributable to the
increase in ionic mobility and particle crowding breakdown. The higher CaCl2 concentrations
result in higher levels of shear stress owing to the acceleration of fly ash hydration. The evolution
of shear stress with time is observed to be linear during the mixing time of 70 min.

(3) Generally, the performance of rheological models is improved for ash-tailings slurry mixtures with
shorter mixing times, lower CaCl2 concentrations, and high temperatures. The conventional
Bingham model leads to the worst fitting for the tested slurries. The Papanastasion,
Herschel-Bulkley, Sisko, and Robertson-Stiff models are shown to yield better fitting of experimental
data compared to the other models (Bingham, Modified Bingham, Casson, and De Kee models).

It should be noted that the findings reported in this study are valid for the particular mine
tailings and fly ash used. Other tailings and fly ash that contain different minerals may exhibit
different rheological characteristics. Further work is required to more thoroughly understand
these characteristics.
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