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Abstract: Understanding the flow process of cemented tailings backfill (CTB) is important for
successful pumping into underground stopes. This study examines the effects of solid content (SC),
cement/tailings (c/t) ratio, and curing time (CT) on rheological and mechanical properties of CTB
mixes. The slurry concentration of the mixes was 65, 67, and 69 wt. %, with c/t ratios ranging from
1:4 to 1:20. Unconfined compressive strength (UCS) tests were performed on hardened CTB mixes
after curing 3, 7, and 28 days. The rheological properties of CTB slurries are mainly related to SC.
The yield stress and viscosity of fresh mixes increase with increasing SC, but the pipeline resistance
loss (PRL) also increases with increasing SC. According to the analysis of variance, the SC and flow
rate are the most significant parameters which greatly affect the PRL performance. The c/t and CT
parameters are the most significant parameters for affecting the shrinkage rate. The findings offer a
reference for theoretical optimization for mine filling systems of similar type.

Keywords: cemented tailings backfill; flowability; rheology; unconfined compressive strength;
resistance loss; shrinkage ratio

1. Introduction

Mine backfill is a mix composed of filtrated process tailings, water, and cement, delivered via
boreholes and/or pipelines using centrifugal pumps, or gravity, at solid content up to 85% by weight [1].
The backfilling technique is an effective method and has been widely used throughout the world.
Tailings generated during mineral processing are prepared as a backfill slurry to fill underground stopes
while the remaining tailings are discharged onto the surface tailings dams/impoundments. There is
always a risk of the failure of these tailing dams, which can result in casualties, destroy farmland,
and pollute the environment. Many mines contain pillars that have been left in place for mine stability.
The use of engineered backfills can permit these economically valuable pillars to be recovered [2–4].
However, backfilling requires optimized processing, delivery, and placement controls. Depending on
the final functions and strength requirements, the backfill can be placed in mined-out voids with
or without cement [5]. Improved pumping technology, environmental concerns, and the need for a
low-cost/high strength backfill in mines are driving mine operators to consider cement tailings backfill
(CTB) as an efficient tailings management and backfill method [6].

The key characteristics of tailings being assessed for suitability as backfilling are free water,
permeability, strength, and bulk density. Among others, the pumpability of CTB is important since it
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depends on the viscosity and yield stress of fresh CPB as well as the type of the pump employed and
the geometry of pipeline distribution system [7,8]. In turn, the viscosity of CTB is greatly affected by
pulp density, grain size distribution (GSD, mainly the fines minus 20 µm), and binder content [9]. As a
general rule, CTB should contain a minimum of 15% by weight in the minus 20 µm size fractions [10–13].

Determining the flow properties of CTB as a function of mix composition and system variables is
of great importance in designing a pipeline delivery system [14]. Indeed, this is a challenging task
since the material characteristics greatly depend on feed ores [15]. The rheological properties and
pipeline resistance loss (PRL) are key parameters for the pipeline transportation of CTB paste [16–18].
These two parameters are directly related to the cost of backfilling [19]. Prepared CTB paste with good
fluidity and low PRL can seriously save the on the cost of slurry transport [20–22].

Hence, researchers have conducted various investigations on the rheological properties of backfill
slurries [23–29]. Studies have shown that CTB’s rheology is closely related to many factors such
as solid content (SC), tailings grain size, curing temperature, cement type, and the chemistry of
additives [30–32]. The yield stress and viscosity increased as the solid concentration increased when
the slurry flow is in a homogeneous state. [33,34]. Additionally, a major increase in the CTB’s
viscosity by increasing SC leads to the formation of tailings grains for a skeleton formation [35].
Besides, researchers also explored the effect of additives such as water-reducing agent, sulfate, and red
mud on the rheological properties of CTB. They have experimentally shown that appropriate additives
can effectively improve the rheological properties of fresh backfill slurries [36–40]. The yield stress
decreases negative exponentially and the plastic viscosity decreases linearly with an increase in shear
time [41].

The uniaxial compressive strength (UCS) of CTB mixtures is another important parameter.
Numerous researchers have found that the UCS performance of cemented backfills is mainly related to
the cement-to-tailings ratio (c/t), SC, curing temperature, and curing time (CT) [42–44]. In this regard,
Wang et al. [45] found that the loading path and loading rate has a distinct effect on the mechanical
characteristics of the backfill. Zhao et al. [46] showed that the addition of both new type slag cement
and fly ash can improve the mechanical properties of CTB mixes by improved the bonding/connection
interface generated between the tailings aggregates. Jiang et al. [47] proved that for a given fill recipe
and CT, the alkali-activated slag–CPB matrix provides far better workability and strength (2.2–3.3-fold)
performance than ordinary Portland cement–CPB matrix. Xue et al. [48] experimentally showed that
polypropylene fiber exhibited the strongest reinforcing effect, followed by polyacrylonitrile and glass
fiber in the cement-tailings matrix composites.

Although the mechanical properties of cemented backfill are well understood, the shrinkage ratio
and rheological characteristics need further study. The objective of this study is to explore and analyze
the rheological and mechanical properties of CTB mixtures.

2. Materials and Methods

2.1. Characterization of Materials

2.1.1. Tailings

The tailings used in this study were sampled from the discharged point of the mineral processing
plant at a Chinese gold mine. The sampled tailings slurry was naturally precipitated in plastic drums
until the upper liquid is clear, and then, the clean water was removed. The remaining precipitate was
dried in an oven for 24 h. The drying temperature of 100 ◦C. The dried tailings were stored in sealed
plastic containers to avoid any oxidation until their utilization for experimental tests. The tailings
were mixed to make a representative sample for evaluating their physical and chemical properties.
The chemical composition of the tested mine tailings are shown in Figure 1.

The recoverable metal content is relatively low. CaO, Al2O3, SiO2, and MgO are the main oxides
commonly found in tailings, and their mass fraction accounts for 76% of the total. CaO, Al2O3,
and MgO are active oxides, which are favorable for cementation, coagulation, and bearing capacity
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after backfilling [49]. The corresponding content percentages are 7%, 13%, and 2%, respectively. SiO2 is
inert, which will reduce the cementing performance of the backfill, but it has a fast settling speed and
good permeability. The content of SiO2 in the tailings was the highest, reaching 54.2%. The S percentage
content is only 0.13%. According to Peng et al. [39], the sulfide content is relatively low, which hurts
the strength of CTB. The activity coefficient (Al2O3 / SiO2) of tailings was 0.24. Although SiO2, as the
main mineral component of the whole tailings, determines that the whole tailings are inert materials,
the tailings have corresponding cementing activity and can be stimulated for comprehensive utilization.

The grain size distribution of the tested gold mine tailings was determined with Malvern
Mastersizer—3000 (version 3.71, Malvern Panalytical, Worcester, UK), which works on the wet
dispersion method using laser diffraction. The obtained grain size distribution curve is clearly shown
in Figure 2, and the characteristic value of particle size grading is listed in Table 1.
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Figure 1. Chemical components (oxide analysis) of the studied gold mine tailings.
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Figure 2. The whole tailing particle size distribution.
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Table 1. The characteristic value of full tailing particle size.

d10 (µm) d30 (µm) d50 (µm) d60 (µm) dav (µm) K0

2.800 10.76 38.33 55.02 62.51 19.65

It can be seen from Figure 2 and Table 1 that the weighted average particle size of tailings is about
60 µm. In general, the particle size composition should conform to the equation: K0 = d60/d10 and
the optimal particle size grading K0 = 4–5 [50]. According to the particle size distribution of tailings,
the content of fine particles less than 38 µm accounted for about 50% of the tailings, and the content of
fine particles less than 20 µm accounted for about 38%.

2.1.2. Binder and Mixing Water

The binding agents play a major role in lubrication for backfill during pipeline transportation
and also contribute to the strength of cured backfill mixtures [51,52]. In this study, Ordinary Portland
Cement (OPC) 42.5R type was selected as the main cementitious material. In general, a typical cement
content in the backfill mix ranges from 2–15% of total dry tailings by weight [45]. The chemical
composition of the used cement type is shown in Figure 3. The main chemical composition of cement
is CaO, SiO2, Al2O3, and Fe2O3, and the total content amounts to up to 90%. The mixing water used
during tests was local water.
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2.2. CTB Sample Preparation

The SC of CTB is usually between 65 and 72 wt. % [9]. In this study, 27 groups of CTB samples
were prepared with an SC value of 65, 67, and 69 wt. %, and c/t values of 1:04, 1:10, and 1:20, respectively.
The cement and water are weighted and then blended in a mixer until obtaining a homogenous mixture.
The mixing time was taken as three minutes for all backfill mixes. CTB mostly exists in the form of the
cube in the mined-out void, so the prepared backfill mixes were poured into 7.07 cm× 7.07 cm× 7.07 cm
standard mold, followed by a setting time (48 h) to obtain cubic samples. Following this, CTB samples
were removed from the cubic molds and kept in the humidity chamber which has a temperature of
20 ± 1 ◦C and relative humidity of 92 ± 5%. All CTB mixes were cured for 3, 7, and 28 days. The final
CTB samples are shown in Figure 4.
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2.3. L-Shaped Tube Experiment

Viscosity includes dynamic viscosity and kinematic viscosity, and what we measured in this study
is dynamic viscosity. Dynamic viscosity is the internal friction force generated per unit area when a
liquid flows under a unit velocity gradient. Measuring the yield stress and viscosity coefficient of the
slurry can improve the understanding of pipeline transportation characteristics.

According to the rheological theory and the energy equation of fluid pipeline transportation, it is
more economical and reasonable to obtain the rheological parameters of backfill slurry by using the
L-pipe transportation experiment [53,54]. The small-scale experiment device for L-shaped pipeline
transportation consists of a section of the vertical pipeline, a section of the horizontal pipeline, and a
feeding funnel, as shown in Figure 5. The vertical pipe height (h) is 1.5 m, horizontal pipe (L) is 2.5 m
long, and pipe diameter (D) is 0.05 m.
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Figure 5. L-shaped tube experimental device: (a) schematic diagram; (b) physical model.

After fully stirring the backfill to the corresponding mixture ratio, the density of CTB paste is first
measured and then poured into the upper experimental funnel. The backfill slurry flows down the
vertical pipe which is connected to the lower outlet. For each experiment, the following were recorded:
backfill slurry density, the resting level height (h0), and the backfill slurry weight (G) flowing out in
time (t), and calculated the backfill slurry velocity (v). The temperature during the experiment was
20 ± 2 ◦C.

2.4. Unconfined Compressive Strength Testing

The electronic hydraulic pressure test machine is used to test the single-suction compressive
strength of 27 groups of CTB samples. The rate of loading was 0.2 mm/min, as shown in Figure 6.
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The maximum load value displayed is recorded when the CTB sample is damaged. Each group of
experiments has three CTB samples.
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3. Results and Discussion

3.1. L-Shaped Tube Experiment Results

3.1.1. Rheological Properties of CTB Mixes

The variation of the yield stress of the backfill slurry with different c/t values with SC is shown in
Figure 7a. When the value of the c/t ratio was fixed, the yield stress and viscosity coefficient of the
backfill slurry increased with increasing SC. For example, at c/t of 1:04, the yield stress increased from
7.39–20.23 Pa across all SC, which was a 1.74 times increase in yield stress. At c/t of 1:10, the yield
stress increased from 8.75–18.88 Pa across all SC, which was a 1.16 times increase in yield stress. At c/t
of 1:20, the yield stress increased from 7.40–18.66 Pa across all SC, which was 1.52 times in yield
stress. In the experiment, for all c/t values, a 2% increase in SC resulted in a 55–85% increase in yield
stress. Figure 7b shows the relationship between SC and the viscosity coefficient. At fixed c/t ratios
the viscosity coefficient of CTB paste increased proportionally with SC. For example, at c/t of 1:04,
the viscosity coefficient increased from 0.40 to 0.86 Pa·s, which was a 1.15 times increase in the viscosity
coefficient. In the experiment, for all c/t values, a 2% increase in SC resulted in a 30–65% increase in
the viscosity coefficient. At the lab scale, the increase in SC results in a decrease in free-water content.
It’s believed that the increase in particle density, increasing the viscosity coefficient. However, when SC
was the same, and the value of the c/t ratio was changed, the yield stress and viscosity coefficient of the
backfill slurry did not present obvious rules. This finding suggests that the rheological properties of
the backfill slurry are more sensitive to SC and less sensitive to the c/t ratio.

Fitting and analyzing the experimental results, a linear fit was selected given the multiple
correlation coefficient (R2) of 0.98 and can be generalized as follows:

τ0 = A1(SC) + B1 (1)

For the yield stress for SC = 65 − 69 wt.%.
Similarly, the relationship between the SC of the backfill slurry and the viscosity coefficient can be

expressed as follows:
η = A2(SC) + B2 (2)

For the viscosity coefficient for 20 ± 2 ◦C.
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Figure 7. Yield stress (a) and viscosity coefficient (b) of CTB with different solid content (SC) values.
c/t stands for cement-to-tailings ratio. •: c/t:1:10; N: c/t:1:20; �: c/t:1:04.

3.1.2. Pipeline Resistance

The backfill slurry with a larger PRL requires more energy to be transported and causes more
pipeline wear, which will increase the cost of backfilling. Due to the existence of pipeline resistance loss
(PRL), pipeline wear and blockage accidents are prone to occur during slurry transportation, PRL is of
great importance to a backfill operation [13]. The resistance loss of pipes at different flow rates (Q) and
the flow resistance per unit length of pipes were calculated using the Buckingham Equation and the
static equilibrium theory of pipe flow [34,55].

Figure 8 shows the PRL at varying flow rates. The resistance loss of the pipeline increased linearly
with the flow rate of the pipeline, and the larger the SC is, the faster the PRL increases. For example,
at a c/t value of 1:20 and SC of 65 wt. %, a 20 m3/h increase in flow rate results in a 0.16 kPa/m increase
in PRL. At c/t value of 1:04 and SC of 65 wt. %, a 20 m3/h increase in flow rate results in a 0.18 kPa/m
increase in PRL. At c/t value of 1:04 and SC of 69 wt. %, a 20 m3/h increase in flow rate results in a
0.39 kPa/m increase in PRL.
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Figure 8. Relationship between pipeline resistance loss (PRL) and SC values.

Figure 8 shows the relationship between backfill slurry SC and PRL. The PRL increased with
an increase in SC. For example, the PRL increased 1.3 times, at a c/t value of 1:04, and a flow rate of
100 m3/h. The PRL increased 77%, at c/t value of 1:10, and a flow rate of 80 m3/h. In the experiment,
at the c/t value of 1:04 and 1:20, a 2% increase in SC resulted in a 70% increase in PRL. At c/t value of
1:10, a 2% increase in SC resulted in a 40% increase in PRL. It is assumed that the moisture reduction
in the backfill influences the friction during transport. At c/t value of 1:04 and 1:20, the PRL growth
rate is more obvious when the SC is higher than 67 wt. %, and the growth rate increased by about
35%. Using analysis of variance to process the test data to get the significance of each factor, as shown
in Table 2, it can be found that the SC and flow rate is the most significant parameters for affecting
the PRL.

Table 2. Analysis of variance (ANOVA) values of pipeline resistance loss.

Source Degree of Freedom Sum of Squares Mean Sum of Squares F-Value P-Value

c/t 2.00 0.07 0.04 1.98 0.1569
SC 2.00 6.70 3.35 189.57 0.0000

Flow rate 3.00 3.21 1.07 60.46 0.0000
Error 28.00 0.49 0.02 0.00 0.0000

3.2. Uniaxial Compressive Strength Results of CTB Samples

3.2.1. Effect of Solid Content

Figure 9 shows the relationship between the SC and UCS. If the (CT) and c/t values are fixed,
the UCS of CTB mixes increases with SC. For example, at c/t of 1:04, CT at 28 days, the UCS increased
from 1.37 MPa to 2.16 MPa across all SC, which was a 58% increase in strength. At c/t of 1:10, CT at
7 days, the UCS increased from 0.21 MPa to 0.45 MPa across all SC, which was the PRL increased
1.14 times increase in strength. At c/t of 1:20, CT at 3 days, the UCS increased from 0.02 MPa to 0.07 MPa
across all SC, which was a 2.5 times increase in strength. In the experiment, for all c/t values, a 1%
increase in SC resulted in a 12–70% increase in UCS. The CTB mixes with a high SC comprised a high



Minerals 2020, 10, 922 9 of 14

cement content and plenty of gel substances (C–S–H) generated by the hydration reaction. The gel
substances could be connected with tailings’ particles, and the resulting structure increased the UCS
performance of CTB mixes [9].
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Figure 9. Relations between SC and UCS of CTB mixes.

If the SC and CT are fixed, the UCS of CTB mixes increases with cement. For example, at SC of
65 wt. %, CT at 28 days, the UCS increased from 0.18 MPa to 1.37 MPa across all c/t values. CT at
7 days, UCS increased from 0.14 MPa to 0.94 MPa across all c/t values. In the experiment, for all SC a
1% increase in cement resulted in a 36–44% increase in UCS. For CT at 28 days, UCS ranges between
0.18 MPa (c/t of 1:20, SC of 65 wt. %) and 2.16 MPa (c/t of 1:04, SC of 69 wt. %). According to common
strength criteria for CTB samples used in mining applications, at c/t of 1:04, UCS meets the minimum
700 kPa threshold for stope stability. At c/t of 1:10, UCS meets surface tailings disposal applications
and general construction practices. At c/t of 1:20, all CTB samples satisfy the need for eliminating
liquefaction in underground disposal applications [46,56].

3.2.2. Effect of Curing Time

Figure 10 represents the relationship between curing time (CT) and UCS. As the CT increases so
do the UCS. For example, at c/t of 1:04, SC of 65 wt. %, the UCS increased from 0.38 MPa to 1.37 MPa
across all CT, which was 2.61 times increase in strength. At c/t of 1:10, SC of 67 wt.%, the UCS increased
from 0.16 MPa to 0.66 MPa across all CT, which was 3.13 times increase in strength. At c/t of 1:20, SC of
69 wt. %, the UCS increased from 0.07 MPa to 0.25 MPa across all CT, which was 2.57 times increase in
strength. In the experiment, for all c/t values, a 1 day increase in CT resulted in a 9.2–11.2% increase
in UCS. Based on the results, the curing time is directly proportional to the accumulated hydration
products in the CTB which results in a higher UCS. Alternatively, the curing time affects the free water
in the specimens, resulting in a greater UCS.

From the results, an increase in SC leads to an increase in UCS at equal curing time.
Most importantly, increasing SC can achieve an earmarked UCS sooner. For example, if a UCS
of 1.0 MPa is needed within 7 days for a c/t = 1:04 mixture, then, an SC of at least 67% is needed.
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Figure 10. Relationship between CT and UCS of CTB mixes.

3.3. Shrinkage Ratio Results and Analysis

The shrinkage rate is the ratio of the height of the CTB after the shrinkage to the original backfill
height after a certain period of time. In practice, it is used in backfill effect analysis [57]. In terms
of transport performance of the backfill slurry, the smaller the shrinkage ratio, the better the backfill
effect. The shrinkage ratio was measured using the percent change in volume of CTB, before and after
de-molding. CT from 3 to 28 days varied the shrinkage ratio from 2.29% to 5.71%. These results are
further summarized in Table 3.

Table 3. Shrinkage rate of different CTB samples.

c/t SC (wt. %)
Shrinkage Ratio (%)

3 Days 7 Days 28 Days

1:04
65 3.65 3.43 5.04
67 2.85 2.95 2.47
69 2.48 2.71 4.35

1:10
65 2.29 2.94 5.71
67 4.32 4.67 4.32
69 2.94 3.17 5.04

1:20
65 3.86 4.09 5.7
67 3.63 5.23 5.69
69 3.88 2.25 5.01

As the CT increases, so does the shrinkage ratio which is caused by the loss of free water in CTB
over time [50]. The CTB sinking is related to water loss and particle rearrangement. When the CT
reaches 28 days. At that point, there is an obvious difference except for two cases (c/t = 1:10, 28 days
67 wt. % SC and c/t = 1:04, 28 days, and 67 wt. % SC). The increase in SC leads to decreases in the
shrinkage ratio. For example, at c/t of 1:04, the shrinkage ratio decreases from 5.04% to 4.35% across
all SC. At c/t of 1:10, the shrinkage ratio decreases from 5.71% to 5.04% across all SC. At c/t of 1:20,
the shrinkage ratio decreases from 5.70% to 5.01% across all SC. Using analysis of variance to process
the test data to get the significance of each factor, as shown in Table 4, it can be found that the c/t and
CT are the most significant parameters for affecting the shrinkage rate. At a constant SC, the shrinkage
ratio of CTB mixes with a c/t value of 1:04 was smaller than that of CTB with a c/t value of 1:20 and
1:10. This may be attributed to the increase in cement which can increase the water-holding capacity of
CTB [58,59].
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Table 4. Analysis of variance (ANOVA) values of shrinkage rate.

Source Degree of Freedom Sum of Squares Mean Sum of Squares F-Value p-Value

c/t 2 4.96 2.48 3.68 0.0435
SC 2 1.58 0.79 1.17 0.3301
CT 2 12.00 6.00 8.91 0.0017

Error 20 13.48 0.67 0.00 0.0000

4. Conclusions

In this study, 27 CTB samples with c/t, SC, and CT values were prepared. The L-shaped tube
test investigated the effects of c/t and SC on rheological properties of CTB, and PRL were analyzed.
Then, the UCS test investigated the effect of c/t, SC, and CT on UCS performance of CTB, and the
settlement ratio of CTB and the failure forms of CTB mixes during UCS testing were analyzed. From
the results of the performed experimental tests, the following conclusions can be drawn:

(1) The yield stress and viscosity coefficient of the backfill slurry increased with the increase in
SC. SC increased by 1%, yield stress increased by 30–43%, and the viscosity coefficient increased by
15–34%. The fitting results show that the relationship between yield stress and SC can be expressed by
a linear equation, and the relationship between the viscosity coefficient and SC is the same.

(2) PRL was related to the pipeline flow and slurry SC. PRL increased with increasing flow rate
and SC. A 20 m3/h increase in flow rate results in a 17–30% increase in PRL. A 4% increase in SC results
in a 74–147% increase in PRL. The PRL values are strongly affected by SC and flow rates.

(3) The UCS of CTB mixes was related to SC, CT, and c/t. As the SC increases so do the UCS.
As the cement increases so do UCS. As the CT increases so do the UCS. Overall, the CT indicates a
0.01–0.07 MPa per day increase, SC indicates a 10–20% per SC% increase, and the cement content
indicates a 0.12–0.19 MPa per 1% cement per unit volume across all samples.

(4) The longer is the CT of CTB mixes, the greater is the shrinkage ratio of CTB. The increase in SC
leads to decreases in the shrinkage ratio. The shrinkage ratio was also affected by the cement content
in the backfill matrix. The higher is the cement content, the smaller is the shrinkage ratio of CTB mixes.
The c/t and CT are the most significant parameters for affecting the shrinkage rate.
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