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Abstract: Slump determination is widely used to assess the consistency and transportability of
fresh cemented paste backfill (CPB). CPB consistency can depend on the mixing procedure for CPB
preparation. In this paper, a method was developed to determine the specific mixing energy (SME)
that is dissipated during the preparation of CPB mixtures and to analyze its effect on CPB consistency.
For this purpose, CPB recipes were prepared using two tailings and the mixing parameters (mixing
time and speed and load mass) were successively varied. SME was determined for each mixture
using a power meter equipped with an energy recording system mounted on a laboratory Omcan
mixer. Slump was also determined for each mixture. A semi-empirical model was then developed to
predict SME as a function of the mixing parameters. Results showed that predicted SME compared
well with measured SME during CPB preparation. Results also showed that slump increased with
increasing SME. The influence of SME on the rheological and mechanical properties of CPB and
practical applications are presented in a companion paper.

Keywords: cemented paste backfill; mixing time; mixing speed; mixing load mass; specific mixing
energy; slump

1. Introduction

Modern cut-and-fill underground mines located throughout the world, and partic-
ularly in Canada, are increasingly using cemented past backfill (CPB) to fill excavations
created by the extraction of mineral resources [1–4]. Backfill provides geomechanical sta-
bility by acting as support for the stopes and allows reducing BY up to 50% the amount
of potentially environmentally hazardous tailings that would otherwise need to be stored
on the surface in tailings ponds [5–7]. This geomechanical stability ensures safe working
conditions and increases ore recovery by enabling mining of adjacent pillars [8,9].

CPB can be described as a complex composite material obtained by mixing filtered
tailings, a relatively small binder content (2–8% with respect to the mass of dry tailings),
and mixing water [10–12]. The binder allows the CPB to develop adequate mechanical
properties in the short, medium, and long term [9,13,14]. Enough water is added to obtain
the desired consistency. Because the CPB mixture must be transported through pipelines
and boreholes from the surface paste plant to the underground backfill site, it must have the
appropriate rheological properties for transport. The rheological properties of CPB are often
assessed by parameters such as yield stress and dynamic viscosity [15–21]. These properties
affect the fluidity of the mixture, or its flow capacity under the effect of applied pumping
pressure or gravitational force without causing pipeline plugs during CPB transport.
Pipeline plugs can have adverse impacts on mining operations, including productivity
losses and higher backfilling costs. In practice, however, CPB consistency is determined
using the Abrams cone slump test [22] in order to assess CPB transportability [9,11,20,23,24].
This test is fast and inexpensive. Depending on the mineralogy and physical characteristics
of the tailings, a slump ranging from 6 to 10 inches (15.2–25.4 cm) generally meets the
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criteria for successful CPB transport [24,25]. Intrinsic parameters such as binder type and
proportion, mixing water quality, and the mineralogy and grain-size distribution of the
tailings can influence both the rheological and mechanical properties of CPB. In the field,
certain extrinsic parameters such as the setting and consolidation conditions, curing time,
and site geometry also affect CPB strength [16,26–30].

The shear history is another factor that affects the rheological and mechanical proper-
ties of CPB. CPB is prepared in the backfill plant at a given slump or solids content and
using a given mixing energy. As the CPB is transported through the pipeline, it undergoes
continuous shearing caused by friction between solid particles and the pipe wall [3,23,31].
This transport-induced shearing can modify the consistency and rheological properties
of the CPB. Recently, changes in CPB properties during pipeline transport were investi-
gated by comparing the surface and underground slump at two different underground
mines [23]. Increasing slump was observed at the underground discharge point compared
to that measured on the surface.

The impact of mixing conditions on the consistency and rheological and mechanical
properties of cementitious materials (e.g., concrete, mortar, and cement paste) has been
investigated by various researchers [32–35]. The main mixing parameters include the
mixing time, the amounts of materials to be mixed for a given mixer type (hereinafter, the
mixer load mass), the mixing speed, and the order of introduction into the mixer of the
constituents [34,36,37]. All these mixing parameters can be expressed as a single parameter
called the specific mixing energy (SME) [32]. The SME allows comparing the properties of
cementitious materials prepared with various mixing procedures.

The specific energy that is dissipated during transport of CPB through pipelines and
boreholes can be estimated from the head loss [20,38–40], which in turn may depend on the
rheological properties, among others. The rheological properties themselves depend on the
mixing energy and the transport energy, resulting in a complex loop. The final properties
of the CPB upon deposition in the stope may depend on the total field specific energy, or
the sum of the specific mixing energy at the CPB plant and the specific transport energy.
Assuming that the total field specific energy and the specific mixing energy (SME) in the
laboratory have similar effects on CPB properties (consistency, rheology, strength), it would
be more efficient to prepare CPB mixtures in the laboratory during the recipe optimization
phase using an SME equal to the specific field energy. However, this hypothesis is still
challenging to test. An initial phase would be to develop a method to determine the SME
in the laboratory that could be applied to a paste plant mixer.

The influence of the mixing procedure on the consistency and the rheological and
mechanical properties of CPB has not yet been thoroughly investigated. For example, using
a SP300AT mixer (Omcan Food Machinery, Mississauga, ON, Canada) in our laboratory,
the mixing time can vary from 5 to 15 min, the mixing speed can range from low to
high [20,37,41], and the mixer load mass can vary. However, it is unclear to what extent
this variability in the mixing parameters affects the resulting rheological and mechanical
properties of the CPB during laboratory optimization of CPB recipes. Hence, it is difficult
to compare inter-laboratory properties of CPB prepared with different mixing procedures.
It would therefore be relevant to examine the extent to which CPB properties depend on
specific mixing procedures.

The aim of this paper was, first, to develop a method to determine the SME associated
with laboratory preparation of CPB; second, to develop a method to predict this SME based
on the aforementioned mixing parameters; and third, to investigate the impact of SME on
CPB consistency. The impact of SME on the rheological and mechanical properties of CPB
was also investigated, and results will be presented in a companion paper.

2. Materials and Methods
2.1. Materials Characterization

Two filtered tailings, T1 and T2, were sampled from two mining sites located in Abitibi
(Québec, Canada). The initial solids content (Cw) for T1 and T2 was 82.4% and 78.7%,
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respectively. The binder, at 4.5% content (by dry mass of tailings), was a blend of 20%
general use (GU)/Type I Portland cement and 80% ground granulated blast furnace slag of
the total binder mass. Tap water was used as mixing water.

The physical characterization of tailings T1 and T2 included grain-size analysis and
determination of the specific gravity of the solid grains (Gs) and the specific surface area
(Ss). Grain-size analysis was performed using a Mastersizer 2000 laser particle size analyzer
(Malvern Panalytical, Palaiseau, France). The grain-size distribution curves are shown
in Figure 1. Table 1 presents the main characteristic parameters of the grain-size curves,
including the diameter Dx corresponding to x% passing on the cumulative grain-size
distribution curve; the coefficients of uniformity (CU) and curvature (CC); and the fraction
of fine particles P80µm (<80 µm) and ultrafine particles P20µm (<20 µm). The P80µm is
80% and 88% and the P20µm is 36% and 48% for T1 and T2, respectively. These tailings
are comparable to common Canadian mine tailings derived from hard rocks, in terms of
tailings characteristics reported by Bussiere [42].

Minerals 2021, 11, x FOR PEER REVIEW 3 of 19 
 

 

2. Materials and Methods 
2.1. Materials Characterization 

Two filtered tailings, T1 and T2, were sampled from two mining sites located in Ab-
itibi (Québec, Canada). The initial solids content (Cw) for T1 and T2 was 82.4% and 78.7%, 
respectively. The binder, at 4.5% content (by dry mass of tailings), was a blend of 20% 
general use (GU)/Type I Portland cement and 80% ground granulated blast furnace slag 
of the total binder mass. Tap water was used as mixing water. 

The physical characterization of tailings T1 and T2 included grain-size analysis and 
determination of the specific gravity of the solid grains (Gs) and the specific surface area 
(Ss). Grain-size analysis was performed using a Mastersizer 2000 laser particle size ana-
lyzer (Malvern Panalytical, Palaiseau, France). The grain-size distribution curves are 
shown in Figure 1. Table 1 presents the main characteristic parameters of the grain-size 
curves, including the diameter Dx corresponding to x% passing on the cumulative grain-
size distribution curve; the coefficients of uniformity (CU) and curvature (CC); and the frac-
tion of fine particles P80μm (<80 μm) and ultrafine particles P20μm (<20 μm). The P80μm is 80% 
and 88% and the P20μm is 36% and 48% for T1 and T2, respectively. These tailings are com-
parable to common Canadian mine tailings derived from hard rocks, in terms of tailings 
characteristics reported by Bussiere [42]. 

 
Figure 1. Grain-size distribution curves (cumulative volume percentage) for tailings T1 and T2. 

Table 1. Physical characteristics of tailings T1 and T2. 

Physical Characteristics T1 T2 
D10 (μm) 4.9 4.4 
D30 (μm) 15.5 11.2 
D50 (μm) 31.9 20.9 
D60 (μm) 43.4 28.0 
D80 (μm) 80.7 53.7 
D90 (μm) 119.8 87.9 

CU =𝐷଺଴/𝐷ଵ଴ 8.9 6.4 
Cc = (𝐷ଷ଴)²/( 𝐷଺଴ × 𝐷ଵ଴) 1.1 1.0 

P20 μm (%) 36.4 48.5 
P80 μm (%) 79.7 88.4 

Gs (-) 3.14 2.97 
SS (m2/g) 2.6 2.7 

An AccuPyc 1330 helium pycnometer (Micromeritics, Norcross, GA, USA) was used 
to determine the specific gravity Gs for the tailings according to [43]. Gs values of 3.14 and 
2.97 were obtained for T1 and T2, respectively (see Table 1). This relatively high Gs for T1 
is mainly due to the high pyrite content (see Table 3). A GEMINI surface analyzer 

0
10
20
30
40
50
60
70
80
90

100

0.01 0.1 1 10 100 1000

C
um

ul
at

iv
e 

vo
lu

m
e 

(%
)

Grain diameter (μm)

Tailings T1

Tailings T2

Figure 1. Grain-size distribution curves (cumulative volume percentage) for tailings T1 and T2.

Table 1. Physical characteristics of tailings T1 and T2.

Physical Characteristics T1 T2

D10 (µm) 4.9 4.4
D30 (µm) 15.5 11.2
D50 (µm) 31.9 20.9
D60 (µm) 43.4 28.0
D80 (µm) 80.7 53.7
D90 (µm) 119.8 87.9

CU = D60/D10 8.9 6.4
Cc = (D30)2/(D60 × D10) 1.1 1.0

P20µm (%) 36.4 48.5
P80µm (%) 79.7 88.4

Gs (-) 3.14 2.97
SS (m2/g) 2.6 2.7

An AccuPyc 1330 helium pycnometer (Micromeritics, Norcross, GA, USA) was used
to determine the specific gravity Gs for the tailings according to [43]. Gs values of 3.14 and
2.97 were obtained for T1 and T2, respectively (see Table 1). This relatively high Gs for
T1 is mainly due to the high pyrite content (see Table 3). A GEMINI surface analyzer
(Micromeritics) was used to determine the specific surface area SS. The two tailings showed
very similar SS, at 2.6 m2/g and 2.7 m2/g for T1 and T2, respectively (see Table 1).
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The chemical composition of the tailings solids was determined by complete digestion
in HNO3/Br2/HF/HCl followed by inductively coupled plasma and atomic emission
spectroscopy (ICP-AES) using a Perkin-Elmer atomic absorption spectrometer. Results are
presented in Table 2. Results show high S, Fe, and Al content in both tailings T1 and T2.
Other chemical elements such as K, Ca, Na, Mg, Ti, Zn, Mn, Ba, and Li are also present in
both tailings.

Table 2. Chemical composition of the solids content in tailings T1 and T2.

Element Al Ba Ca Fe K Li Mg Mn Na S Ti Zn

T1 (%) 12 0.07 3.24 38.78 2.44 0.03 0.71 0.23 1.23 40.64 0.42 0.24
T2 (%) 27.46 0.24 5.43 27.58 8.99 0.04 3.72 0.28 1.93 22.73 1.35 0.26

The mineralogical composition of the tailings was determined by quantitative Rietveld
analysis using an AXS D8 ADVANCE X-ray diffractometer (XRD, Bruker, Milton, ON,
Canada) with TOPAS software [44]. Results are presented in Table 3. The main mineral
phases in tailings T1 are quartz (59%), pyrite (18%), and albite (12%), along with smaller
contents of chlorite (4%), gypsum (3%), and muscovite (4%). The main mineral in tailings
T2 is quartz (49%), along with smaller contents of albite (12%), chlorite (9%), muscovite
(10%), and pyrite (11%). Corundum (2%) is also present in T2.

Table 3. Mineralogical composition of the tested tailings.

Mineral T1 (%) T2 (%)

Albite NaAlSi3O8 12 12
Chlorite

(Mg,Al)6(Si,Al)4O10(OH)8
4 9

Corundum Al2O3 - 2
Gypsum CaSO4·2H2O 3 7

Muscovite K(Al3Si3O10)(OH)2 4 10
Pyrite FeS2 18 11

Quartz SiO2 59 49

Table 4 presents the oxide contents in the blended binder, as determined using a XL3t
900-HE XRF Analyzer (Niton UK Limited, Winchester, UK). The binder contains mainly
CaO (55.57%) and SiO2 (26.07%). The hydraulicity index ([Al2O3 + SiO2]/[MgO + CaO])
is 0.54.

Table 4. Oxide contents in the binder (80% Slag + 20% GU).

Composition Al2O3 CaO Fe2O K2O MgO MnO P4O6 S SiO2 TiO2

Binder (%) 6.52 55.5 0.93 1.33 4.36 0.38 0.39 3.45 26.07 0.37

2.2. Mixing Procedure and Parameters

Mixing was performed in three steps. First, the tailings and binder were introduced
into the Omcan SP300AT laboratory mixer. About one-third of the required amount of
water was then added and the mixer was turned on at a speed of 91 rpm. Finally, the
remaining amount of water was added gradually (to avoid splashing) during the first 90 s
after mixer startup, and the mixing speed was then set to the desired value. The Omcan
mixer used in this study has three available speeds: 91, 166, and 282 rpm. Its maximum
load capacity is 28.4 L.

CPB mixtures were first prepared to determine the solids content corresponding to a
slump of 7 inches (178 mm), which is within the 6- to 10-inch range required for adequate
CPB transport. The mixing time was kept constant at 5 min at a mixing speed of 166 rpm.
For CPB prepared with tailings T1, the load mass was varied from 13.1 to 15.1 kg for
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solids content ranging from 70% to 80%. For CPB prepared with tailings T2, the load mass
was varied from 12.4 to 13.7 kg for solids content ranging from 67% to 75%. The solids
content corresponding to a slump of 7 inches was 75% and 70% for CPB mixtures prepared
with tailings T1 and T2, respectively. This difference can be explained by the different
mineralogical composition of the two tailings. Tailings T1 contains more sulphide minerals
(Gs = 3.14) than tailings T2 (Gs = 2.97).

In the following, CPB mixtures prepared with Tailings T1 and T2 are designated as
CPB-T1 and CPB-T2, respectively. These solids contents served as reference values for the
three series (I–III) of 26 mixtures (M1-M26) prepared to investigate the influence of mixing
parameters (mixing time, mixing speed, and load mass) on the specific mixing energy
(SME) of CPB (see Table 5). The authors are aware that the consideration of other mixing
parameters could have modified these references solids contents. However, repeating this
procedure to determine the solids content corresponding to a 7-inch slump for a large
number of mixing conditions would have involved excessive time and resources.

Table 5. CPB mixtures used to investigate the influence of mixing parameters on SME and CPB properties.

Mixtures Load Mass (kg) Mixing Speed (rpm) Mixing Time (min)

CPB-T1 CPB-T2 T1 T2
Series I: Mixing Time

M01 M13 4.7 4.2 166 5
M02 M14 4.7 4.2 166 7
M03 M15 4.7 4.2 166 10
M04 M16 4.7 4.2 166 15
M05 M17 4.7 4.2 166 30

Series II: Mixing Speed
M06 M18 4.7 4.2 91 5
M07 M19 4.7 4.2 166 5
M08 M20 4.7 4.2 282 5

Series III: Load Mass
M09 M21 4.7 3.0 166 5
M10 M22 6.3 4.7 166 5
M11 M23 9.5 6.3 166 5
M12 M24 12.6 8.9 166 5

- M25 - 11.9 166 5
- M26 - 15.6 166 5

The first series of mixtures (M01–M05 for T1 and M13–M17 for T2) was used to
investigate the effect of mixing time on SME. Mixing time was varied from 5 to 30 min
while keeping other parameters constant (load mass of 4.7 kg and 4.2 kg for T1 and T2,
respectively, at 166 rpm mixing speed). These load masses were considered the minimum
quantity of CPB required to fill nine molds for triplicate UCS tests at three different curing
times. This explains the load mass differences between T1 and T2.

The second series of mixtures (M06–M08 for T1 and M18–M20 for T2) was used to
investigate the effect of mixing speed on SME. Mixing speeds of 91, 166, and 282 rpm (cor-
responding to the low, medium, and high speed of the Omcan SP300AT mixer, respectively)
were applied for a constant mixing time of 5 min and a mixer load mass of 4.7 kg and 4.2 kg
for T1 and T2, respectively.

The third series of mixtures (M09–M12 for T1 and M21–M26 for T2) was used to
investigate the variation in load mass. Mixing time was kept constant at 5 min and mixing
speed at 166 rpm while load mass was varied at 4.7, 6.3, 9.5, and 12.6 kg for tailings T1 and
at 3.0, 4.7, 6.3, 8.9, 11.9, and 15.6 kg for tailings T2.

The 26 mixtures were subjected to slump testing using a mini-cone [20,45,46] right
after their preparation. The mini-cone (101.6 mm bottom diameter, 50.8 mm top diameter,
and 152.4 mm height) is exactly half the size of a standard Abrams cone. The mini-cone was
selected due to the lower amount of tailings available for laboratory tests. A conversion
factor of approximately 2.29 (standard slump = 2.29 × mini-cone slump) was used based
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on our preliminary test results on different CPB mixtures incorporating tailings T1 and
T2 [38]. Conversion factors of about 2.00, 2.20 and 2.28 were obtained for a soil–bentonite
cutoff wall backfill [45], for CPB incorporating HE binder [47], and for superplasticized
CPB mixtures [20], respectively.

2.3. Determination of Specific Mixing Energy (SME)

The energy needed to mix a CPB batch can be determined by the product of the power
consumed during a mixing cycle and the duration of the cycle [48]. For this purpose,
an Acuvim IIR-D-333-P2 power meter (Accuenergy Canada Inc., Toronto, ON, Canada)
was mounted on the laboratory mixer to measure and record the power and energy
consumption during mixing. This system includes an inductive current sensor, a current-
voltage transducer, and a data logger to measure and display the power consumption and
energy usage, as described below. A simplified diagram of the measurement system is
shown in Figure 2.
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In Figure 2, an amperometric clamp is used to measure the intensity of the current
flowing through the mixer motor. Knowing the supply voltage, the power meter deter-
mines the power consumption. The data processing software records values instantly
and calculates and displays in real time the energy usage during the mixer running time.
Recorded data can be downloaded via an Ethernet communication module. This energy
station can operate under conditions of temperature ranging from −25 to 75 ◦C and relative
humidity from 5% to 95%.

It should be mentioned that the Acuvim IIR wattmeter was able to directly measure the
energy consumption during mixing with a sensitivity and accuracy of 100 Wh. However, a
relatively long mixing time exceeding 15 min was required for the empty running Omcan
SP300AT mixer to display and record the minimum value of 100 Wh for the three available
mixing speeds, as described further in Section 3.1. This mixing time exceeds that commonly
used in the laboratory (5–10 min) at 166 rpm. In other words, the sensitivity of the Acuvim
IIR wattmeter did not allow direct measurement of the mixing energy for a mixing time
less than 15 min. Consequently, the determination of the dissipated mixing energy was
based on the power consumption, as explained below.

The power consumption for the mixer can be determined by the following equation:

P = U.I.cosϕ. (1)

where P (W) is the active power consumption by the mixer, U (V) is the voltage, I (A) is
the current, and ϕ (◦C) is the phase shift between the current and the voltage. The cosϕ
value (measured by the wattmeter) is the power factor that accounts for the efficiency of
the mixer motor.
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The dissipated energy E (Wh) during mixing can be determined by the following expression:

E =

tf∫
0

P(t)dt =
n

∑
1

∆tiPi (2)

where t (h) is the run time, tf (h) is the mixing time, ∆ti (h) is the data recording time
interval, n is the number of recordings (n = tf/∆ti), and Pi (W) is the power recorded at
the end of each interval ∆ti. The values of I, U, and E were measured with a relative error
of 0.2% (Acuvim II series power meter User’s Manual). A relatively short time interval
∆ti of 10 s (=1/360 h) was chosen for the data recording so that the variation in power
consumption and dissipated energy during mixing could be observed.

Note that the empty running mixer consumes an energy E0. When the mixer is running
after a load mass m (kg) of materials has been introduced, the total dissipated energy E
includes E0. The effective dissipated energy during mixing is therefore calculated as E–E0.
For a load mass m > 0, the specific mixing energy (SME) is then defined as follows:

SME =
E − E0

m
=

1
m

tf∫
0

[(P(t)− P0(t)]dt =
1
m

n

∑
1

∆ti(Pi − P0i). (3)

The parameters E (Wh), P (W), and Pi (W) refer to the mixer running while loaded
and E0, P0, and P0i refer to running while empty.

3. Results

This section presents typical curves representing the variation in power and energy
consumption by the mixer when running empty and loaded and the results of the influence
of mixing time, mixing speed, and load mass on dissipated SME during CPB mixture
preparation, as presented in Table 5.

3.1. Typical Energy E0 for an Empty Running Mixer

Figure 3 shows the variation in the power consumption P0 and energy usage E0 as a
function of time when the Omcan SP300AT mixer is running empty at the three available
speeds (91, 166, and 282 rpm). For all speeds, the mixer was first run at 91 rpm for 90 s
before switching to higher speeds. At 91 rpm, the instantaneous power consumption was
about 309 W. When the speed was increased to 166 and 282 rpm, the power consumption
rose instantaneously to 336 W and 377 W, respectively. For a given constant rotational
speed, relatively small fluctuations with a weak decreasing trend were observed over the
mixer running time. The power consumption P0 decreased from 309 W to 307 W at 91 rpm
after a running time tf of 19.5 min, from 336 W to 327 W at 166 rpm after tf = 18.5 min
and from 377 W to 326 W at 282 rpm after tf = 16.7 min. The running time required to
record the first energy value of 100 Wh (corresponding to the wattmeter sensitivity) was
displayed. A dissipated energy of 100 Wh required a running time of 1170 s (19.5 min),
1080 s (18 min), and 930 s (15.5 min) when the mixer was running at a speed of 91 rpm,
166 rpm, and 282 rpm, respectively.

The method for calculating E0 using Equation (2) was validated by comparing cal-
culated and measured E0 (at the first recording of 100 Wh on the wattmeter). Results are
presented in Figure 4. The relative error in the E0 calculation is less than 1% (i.e., 0.06%),
which is assumed acceptable.
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Figure 4. Validation of the mixing energy E0 for the empty running Omcan SP300AT mixer: compari-
son between calculated and measured values.

3.2. Typical Mixing Energy E for a Loaded Running Mixer

When the mixer is running loaded during CPB preparation, the measured curve P(t) is
used to calculate the total mixing energy E and hence the SME. Figure 5 shows the variation
in P(t) and E(t) as a function of mixing time for a mixing speed of 166 rpm, mixing time
of 15 min, and load mass of 4.7 and 4.2 kg for tailings T1 (mixture M04) and T2 (mixture
M20), respectively.

Figure 5 shows a relatively high mixing power consumption P (up to 385 W) at startup,
when the mixer containing the tailings, binder, and one-third of the required amount of
water is switched on. The high power consumption at this stage is due to the fact that the
ingredients are still completely heterogeneous and the amount of water in the mixer is
relatively small. A sharp decline in P (to about 340 W) with mixing time is then observed
as the remaining water is added during the first 90 s of mixing, thereby decreasing the
mixing resistance of the mixture. At this point, the mixing speed was set at 166 rpm, which
increased the power consumption. The power consumption curve then tends to decrease
slightly over the mixing time, with more or less fluctuations as the CPB evolves towards
a homogeneous mixture. Although both tailing types show almost similar trends in the
power consumption curves, tailings T2 required higher mixing power compared to tailings
T1. This could be due to the different physicochemical and mineralogical composition of
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the two tailings. Thus, tailings T2 is finer (see Figure 1), has higher SS (see Table 1), and
contains more phyllosilicate minerals such as chlorite as well as muscovite and sulfate
minerals such as gypsum (see Table 3).
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Figure 5. Variation in power consumption P(t) and dissipated energy E(t) with respect to running
time t for the preparation of mixtures M04 and M20 made with tailings T1 (CPB-T1) and T2 (CPB-T2),
respectively (see mixing parameters in Table 4).

The P(t) curves presented in Figure 5 were then used to determine the mixing energy
E(t) that was dissipated over the mixing time using Equation (2). The variation in mixing
energy as a function of mixing time for both tailings is also presented in Figure 5, showing
increased mixing energy with increased mixing time.

3.3. Influence of Mixing Parameters on the SME for CPB and Its Consistency

As mentioned above, the SME was recorded during the preparation of CPB’s recipes
to establish a link with its various influence parameters. A slump test was performed
at the end of the preparation of each CPB recipe to investigate the impact of varying
mixing parameters on the CPB consistency. The variation in SME with mixing time for
CPB prepared with tailings T1 (mixtures M01–M05) and T2 (mixtures M13–M17) using the
Omcan SP300AT mixer rotating at 166 rpm is presented in Figure 6a. The load mass was
4.7 and 4.2 kg for T1 and T2, respectively (see Table 5). The SME increases almost linearly
with mixing time. Thus, when mixing time increases from 5 to 30 min, SME increases
almost linearly from 0.6 to 3.8 Wh/kg for tailings T1 (with a determination coefficient
R2 = 0.99) and from 1.1 to 6.0 Wh/kg for Tailings T2 (with R2 = 0.99). Moreover, for a given
mixing time, the dissipated SME is greater for CPB prepared with tailings T2 than with T1.

Figure 6b shows the variation of slump height of CPB-T1 and CPB-T2 with the mixing
time. It can be seen in this figure that the slump height tends to increase (from 18.2 to
19.6 cm and from 18.0 to 19.0 cm for CPB-T1 and CPB-T2, respectively) in a more or less
remarkable manner when the mixing time gradually increases from 5 to 10 min. A similar
result on concrete, showing an increase in slump of 1.4 cm when the mixing time gradually
increased from 4 to 10 min has been reported by [49]. This behavior can be attributed to the
deflocculation of agglomerates of solid particles, followed by the release of water and air
initially trapped in the fine particles contained in the mixtures. Indeed, under the action of
mixing, the pale of the mixer induces a shear force in the CPB mass in the plane imposed
by the rotation direction of the mixer [50]. According to the flow particle interaction theory,
this shear stress reduces the level of the energy barrier to be reached by the solid particles
of the CPB to get out of their potential well [51,52]. In other words, the relative movements
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of solid particles on each other in the CPB matrix increases. The longer the mixing time,
the more numerous the shear planes in the CPB mass, and therefore the lower the level
of the energy barrier. As result, the agglomerates in the mixture are destroyed, or at least
reduced, and the water and air initially retained in the pores of the solid grains by capillary
action are released on the surface of the grains. The water thus released participates in the
fluidization of the CPB and the air in its densification.
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Figure 6. Influence of mixing time on (a) SME and (b) consistency for CPB-T1 and CPB-T2 mixtures
prepared with tailings T1 (M01–M05) and T2 (M13–M17), respectively, using the Omcan SP300AT
mixer rotating at 166 rpm.

Extending the mixing time from 10 to 30 min slightly increases the value of the slump
(from 19.6 to 20.3 cm and from 19.0 to 19.9 cm for CPB-T1 and CPB-T2, respectively), with
a reduced rate of increase compared to mixing time up to 10 min. This trend could be
associated with a combined effect of different phenomena including the evaporation of
water, evolution of the hydration process of the binder and even the emergence of colloidal
interactions (extra fine particles smaller than about 1 µm). Depending on the extent of
these phenomena, the fluidization process of the CPB during mixing can be altered.

A few studies showing a decrease in the slump height over the mixing time of ce-
mentitious materials have even been reported, in particular in the case of concrete mix-
tures [53,54]. Depending on the proportion of the binder in the mixture, this behavior
can be explained by the precipitation of portlandite and other hydrates formed after the
initiation of the hydration process [16]. Indeed, the entanglement of the C-S-H links, not
broken by kneading, can cause a loss of fluidity of the mixture [55,56]. In the context of
this study, the low proportion of cement used (20% GU contained in 4.5% of the binder, or
0.9% cement in the mixtures) would explain the above results obtained where the slump
increases with the mixing time.

The influence of CPB mixing speed on SME is shown in Figure 7a for mixtures M06 to
M08 prepared with tailings T1 and mixtures M18 to M20 prepared with tailings T2 for a
mixing time of 5 min (see Table 5). For CPB prepared with tailings T1, SME is 0.4, 0.6, and
0.8 Wh/kg for a mixing speed of 91, 166, and 282 rpm, respectively. For tailings T2, SME is
0.6, 1.1, and 1.3 kWh/kg for 91, 166, and 282 rpm, respectively. Note that SME increases
with increased mixing speed according to a power model (R2 = 0.99 and 0.92 for T1 and
T12, respectively).
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Figure 7. Influence of mixing speed on: (a) SME and (b) consistency for CPB-T1 (M06–M08 and
CPB-T2 (M18–M20) at a mixing speed of 91, 166, and 282 rpm for a mixing time of 5 min using the
Omcan SP300AT mixer.

The variation of the slump of CPB-T1 and CPB-T2 mixtures as a function of the mixing
speed is presented in Figure 7b. This figure shows a tendency for a slight increase in the
slump (from 17.5 to 18.9 cm and from 17.5 to 18.5 cm for CPB-T1 and CPB-T2, respectively)
when the mixing speed gradually increases from 91 to 282 rpm. These results are supported
by those obtained by [57]. According to these authors, a mixing speed threshold between
200 and 300 rpm must be reached to significantly improve the consistency of the CPB. The
observation of Figure 7b shows that the greatest value of the slump (18.9 and 18.5 cm in
the cases of CPB- T1 and CPB-T2, respectively), reflecting a better fluidity of the CPB, was
reached when the mixing speed was set at 282 rpm. This behavior would be linked to the
breakdown of the flocculation structure within the mixture and to the dispersion of solid
particles in the CPB matrix. The distance between solid particles affects the microstructure
of the CPB [58,59]. The microstructure plays a major role in the consistency of the CPB.
Indeed, the attractive forces between the particles, in particular those of van der Waals,
intervene essentially to ensure the cohesion at the interface of the molecules of the solids
and the liquid within a granular suspension [60,61]. A more intense mixing speed induces
shearing effort capable of overcoming the attractive forces between the particles and of
dispersing them within the mixture. The results on the variation in SME as a function of
mixing time (Figure 6) and mixing speed (Figure 7) confirm those obtained for cement
paste [32], who showed that the specific dissipated energy during cement paste mixing
increased linearly with mixing time and following a power law relationship with respect to
mixing speed.

The variation in SME as a function of load mass in the Omcan mixer is presented in
Figure 8a for CPB mixtures M09 to M12 prepared with tailings T1 and mixtures M21 to
M26 prepared with tailings T2 (see Table 5). Mixing speed and time were set at 166 rpm
and 5 min, respectively (see Table 5).

SME decreases with increasing load mass to reach a minimum of about 0.3 Wh/kg and
0.5 Wh/kg for tailings T1 and T2, respectively, at a load mass of around 9.5 kg. Thereafter,
SME tends to increase with increasing mixer load mass to values above about 9.5 kg. The
U-shaped curves presented in Figure 8 shows an upward opening quadratic relationship
(parabola shaped) with R2 of 0.99 for the mixtures prepared with both tailings. Figure 8b
shows the variation of the CPB slump for CPB-T1 and CPB-T2 with the load mass of the
mixer. It can be seen that when the load mass gradually increases from 3 to 9.5 kg, the
slump remains almost constant, but tends to decrease slightly (from 18.3 to 17.9 cm when
the load mass varies from 4.7 to 9.5 kg for CPB-T1 and from 18.4 to 17.9 cm when the load
mass varies from 3.0 to 8.9 kg for CPB-T2). On the other hand, when the load mass is
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more than about 9.5 kg, the slump tends to increase progressively (18.6 cm for a load mass
of 12.6 kg and 18.8 cm for a load mass of 15.6 kg for CPB-T1 and CPB-T2, respectively).
This slight increase in slump could be attributed to the intensification of the shearing force
requires to keep a constant mixing speed due to the increase in the self-weight of the mixed
materials. As the volume available in the mixer bowl remains constant, increasing the
load mass results in increased shear forces due to the more intense frictions between the
grains themselves and between the solid grains and the wall of the mixer. This accelerates
the homogenization process of the mixture and tends to improve the fluidity of the CPB.
However, additional studies are still necessary to better elucidate the effect of the variation
in the load mass on the fluidity of CPB.
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3.4. Prediction of the SME for CPB

Figures 5–8 show that the SME for CPB prepared with tailings T1 and T2 in the Omcan
mixer varies with mixing time t (min), mixing speed Ω (rpm), and mixer load mass m
(kg). The following regression functions can be used to relate the SME to one of the three
parameters while keeping the other two constants (with well-defined values).

• For CPB prepared with tailings T1:

SMET1(t) = 0.1227t for Ω = 166 rpm and m = 4.7 kg (4)

SMET1(Ω) = 0.0205Ω0.663 for t = 5 min and m = 4.7 kg (5)

SMET1(m) = 0.0177m2 − 0.3281m + 1.81m0.001m for t = 5 min and Ω = 166 rpm (6)

• For CPB prared with tailings T2:

SMET2(t) = 0.2034t for Ω = 166 rpm and m = 4.2 kg (7)

SMET2(Ω) = 0.0239Ω0.72 for t = 5 min and m = 4.2 kg (8)

SMET2(m) = 0.0364m2 − 0.6257m + 3.2m0.001m for t = 5 min and Ω = 166 rpm (9)

These equations provide the starting point for the development of a useful prediction
model for the SME based on the three parameters, expressed as SME = f(t, Ω, m). Thus,
considering Equations (4)–(6) for T1 and Equations (7)–(9) for T2, the SME can be expressed
using the separation of variables method [62–64], as follows:

SMET1(t, Ω, m) = a1t Ω0.663
(

b1m2 − c1m + d1m0.001m
)

(10)
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and:
SMET2(t, Ω, m) = a2t Ω0.720 (b2m2 − c2m + d2m0.001m

)
(11)

where a1, b1, c1, and d1 and a2, b2, c2, and d2 are model constants for T1 and T2, respectively.
LAB fit curve fitting application [65] was selected to determine model constants of

Equations (10) and (11) using data presented in Figures 6–8. The non-linear Levenberg-
Marquardt curve-fitting method was selected for 300 iterations and a tolerance of 1 × 10−4.
Finally, the SME of CPB prepared with tailings T1 and T2 using the Omcan SP300AT mixer
can be predicted by the expressions (12) and (13) for tailings T1 and T2, respectively:

SMET1 =
t Ω0.663

10000

(
1.07m2 − 19.64m + 110.01m0.001m

)
(12)

and:

SMET2 =
t Ω0.720

10000

(
1.7m2 − 28.01m + 139.32m0.001m

)
(13)

with SME in Wh/kg, t in min, Ω in rpm and m in kg.
To validate these two equations, all measured SME in this study were compared

with predicted SME using the two above-presented models. The comparison shown in
Figure 9 indicates a fairly good agreement. The mean squared error between measured
and predicted SME is 0.005 and 0.026 for tailings T1 and T2, respectively. Strong linear
relationships are obtained (determination coefficients R2 of 0.995 and 0.993 for tailings T1
and T2, respectively). Note that the proposed equations are valid only for preparation in
the Omcan SP300AT mixer with SME ≤ 3.8 Wh/kg in the case of Equation (12) (for T1) and
with SME ≤ 6.2 Wh/kg in the case of Equation (13) (for T2).
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Figure 9. Comparison between measured and predicted SME for CPB-T1 and CPB-T2 mixtures
prepared with tailings T1 and T2, respectively.

As mentioned in the Introduction section, CPB mixtures can be prepared in the
laboratory during the recipe optimization phase using an SME corresponding to the field
specific energy. Therefore, considering a preset mixing speed and load mass, the proposed
empirical equations can be used to determine the laboratory mixing parameters, and
particularly the mixing time required to reach the targeted field energy.

3.5. Effect of SME on CPB Consistency

To understand the effect of SME on CPB consistency, Abrams cone slump tests were
performed on all CPB recipes presented in Table 5. Figures 6–8 presented above, linking the
mixing parameters to both the slump and the SME, made it possible to study the influence
of the SME on the consistency of the CPB. Figure 10 shows the variation in slump as a
function of SME for CPB-T1 and CPB-T2.
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Figure 10. Effect of SME on the slump of CPB mixtures prepared with tailings T1 and T2.

In general, slump increases with increasing SME dissipation during mixing. Slump
tends to increase significantly for SME below about 2 Wh/kg. Thereafter, the slump
increase rate tends to slow slightly with increasing SME. This indicates improved mixture
consistency with increasing SME, concurring with results obtained by [33] on cement paste.
The increased slump could be explained by progressive dissolution and deflocculation
of aggregated non-hydrated binder particles still present in the backfill mass at mixing
startup. More energetic mixing would transfer stronger shearing force to the CPB, thereby
promoting the break-up of agglomerations of the solid particles in the backfill mixture to
render it homogeneous.

However, it should be noted the shearing of the CPB under the mixing action does
not always improve its fluidity by increasing the slump. Studies showing loss of fluidity
properties associated with more intense shear forces, exceeding a certain threshold value,
have been reported in CPB [57,66]. It is often accepted to explain this phenomenon by
the rupture of the electrical double layer located at the interface of solid-liquid particles,
under the impulse of increasing mixing energy [67,68]. This rupture (total or partial) of
the electric double layer leads to the reduction of the repulsive electrostatic forces, making
predominant the Van der Waals attractive forces present in the colloidal fraction of the
CPB. As result, a progressive formation of agglomerates in the microstructure occurs,
which alters the flow properties of the CPB. The results presented in Figure 10 show a less
significant increase rate in slump with a trend to reach more or less stable values when the
SME is greater than 2 Wh/kg. This trend could be linked to the instability of the electrical
double layer. Complementary tests implementing a larger range of SME values than that
considered in this study could make it possible to determine a threshold SME associated
with the initiation of the loss of consistency in mixed CPB.

The variation in CPB slump as a function of SME depends on the type of tailings used,
as shown in Figure 10. Nevertheless, relatively similar trends are observed. However,
for a given SME, the slump for tailings T1-based CPB prepared at 75% solids content is
higher than the slump for tailings T2-based CPB prepared at 70% solids content. The slump
increases by about 2.4 cm (from 17.9 to 20.3 cm) as SME increases from 0.3 to 3.8 Wh/kg for
T1-based CPB. In the case of T2-based CPB, the slump increases by approximately 2.4 cm
(from 17.5 to 19.9 cm) as SME varies from 0.6 to 6 Wh/kg. These results could be compared
to those obtained on the cement pastes. Regardless of the composition of the mixture, it is
often assumed that a higher mixing energy is associated with increased fluidity for cement
pastes due to a weakening of the internal structure [36,69].

4. Discussion

In the recipe optimization phase, CPB may be prepared in the laboratory using an
SME corresponding to the predicted field specific energy. The field SME includes the
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mixing energy in the paste plant, which can be determined by the procedures described in
this study. The pioneering results presented in this study call for further laboratory and
field investigations of several other factors that affect the SME, including but not limited
temperature, CPB ingredients, and mixer type. These factors are discussed briefly below.

4.1. Effect of CPB Temperature Variation

The internal shearing friction between solid particles in the CPB and the pipe wall
induces increased CPB temperature along the pipeline distribution system compared to
the CPB temperature after mixing in the paste plant [23,46]. The Non-isothermal pipe flow
module in COMSOL Multiphysics® 5.2 was used to predict the CPB temperature change
along a distribution system in Nordic conditions [47]. The modeled CPB distribution
system had the following characteristics: pipeline diameter of 146.3 mm (~6 inches), flow
velocity of 1.04 m/s, air temperature of −50 ◦C, surface pipeline Section 294 m in length,
underground pipeline Section 1036 m in length, permafrost temperature of −6 ◦C and initial
CPB temperature (in the backfill plant) of 10 ◦C. Internal and external heat exchanges and
the thermo-rheological behavior of the CPB were considered for the numerical simulations.
They predicted a temperature rise from 10 ◦C at the surface backfill plant to 14 ◦C at
deposition, i.e., an increase ∆T of +4 ◦C. CPB temperatures at the surface (in the plant) and
underground were compared at two mines A and B [23]. For Mine A, the temperature
increase ∆T was about +11.7 and +12.8 for a travelled distance of 3644 m and 3342 m,
respectively. For Mine B, the temperature increase ∆T was about +5.0 and +2.8 for a
travelled distance of 1145 m and 1679 m, respectively. The observed differences even
within a given mine can be explained by the different initial rheological properties and
consistency of the CPB samples. However, because the rheological properties of CPB are
thermo-dependent [27,46,47,70,71], the deposition temperature of CPB in underground
stopes may affect its mechanical strength.

In the laboratory recipe optimization phase, the duplication of the SME to the field
specific energy may also consider the effect of the final CPB deposition temperature.
This reconciliation of field and lab temperatures constitutes an additional challenge. The
temperature of the mixtures investigated here (see Table 5) was measured at the end of
mixing. When the mixing time for the first series of CPB mixtures was increased from
5 to 30 min (see Table 5), the temperature varied from about 24.5 ◦C to about 25.5 ◦C for
both tailings T1 and T2. When the mixing speed was increased from 91 to 280 rpm, the
temperature for the second series of CPB mixtures (see Table 5) varied from 24.8 to 25.4 ◦C
for T1 and T2. When the load mass was increased, the temperature for the third series of
CPB mixtures (see Table 5) varied from 25 to 26 ◦C for T1 and T2. Assuming that the CPB
ingredients were at room temperature (20–23 ◦C), the maximum temperature variation for
all the mixtures is in the order of 3 to 6 ◦C.

4.2. Effect of CPB Ingredients, and Mixer Type

The results presented above also apply to the CPB prepared with tailings T1 and
T2 at a fixed solids content for the single binder type used (a bend of 80% slag and
20% GU) at a single binder content of 4.5% and for a specific Omcan mixer. Results
showed that the two tailings have different mixing capacity due to different mineralogical
composition and physicochemical characteristics. This explains the differences observed
in the above-presented Equations (12) and (13) for predicting SME. Based on the different
parameters involved in these equations, and according to the physical characteristics of
the tailings, a single equation could be developed for application to different types of
tailings and for a given mixer and for different mixers. Future studies could examine
variations in the influential factors related to CPB ingredients (binder type and content,
solids content, mixing water). The ambitious challenge that lies ahead is to develop a
method for calculating SME that would incorporate the maximum number of variables, for
both laboratory and field application. Equations (12) and (13) for predicting SME apply
exclusively to the Omcan mixer used in this study. Mixing intensity is affected by many



Minerals 2021, 11, 1165 16 of 19

factors, including the mixing time, mixing speed, the type of mixer (planetary rotation,
nominal load volume and engine power). Therefore, equations for predicting SME must
be developed specifically for each mixer used for laboratory optimization of CPB recipes
because mixers may differ in terms of mixing performance.

5. Conclusions

The specific mixing energy (SME) was determined for CPB mixtures prepared using
two tailings T1 and T2 sampled from two mining sites located in Abitibi (Québec, Canada).
The binder (at 4.5% content) consisted of 20% general use (GU)/Type I Portland cement
(CP I) blended with 80% ground granulated blast furnace slag. The main mixer was
a Omcan SP300AT. The influence of three mixing parameters (mixing time and speed
and mixer load mass) on SME was investigated. SME increased almost linearly with
mixing time, and according to a power model that shows an upward opening (parabola
shaped) relationship with increasing load mass. The SME results allowed proposing a semi-
empirical relationship that can be used to predict SME based on the three above-mentioned
mixing parameters, as defined with acceptable precision (mean squared error between
measured and predicted SME is 0.005 and 0.026 for CPB made T1 and T2, respectively).
These empirical models are valid for SME ≤ 3.8 Wh/kg and SME ≤ 6 Wh/kg for tailings
T1 and T2, respectively, and for a given mixer. Results also showed that CPB consistency,
assessed in terms of slump determined with Abrams cone, increased with increasing SME,
for a positive effect. Thus, the slump increased by about 2.7 cm when SME was increased
from 0.3 to 3.8 Wh/kg for CPB prepared with tailings T1. In the case of CPB prepared
with tailings T2, the slump increased by approximately 2.5 cm when SME was increased
from 0.6 to 6 Wh/kg. Further investigations are required to complement these findings on
the effect of SME on CPB properties. Results on the effect of SME on the rheological and
mechanical properties of the CPB mixtures investigated in this study are presented in a
companion paper [72].
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