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Abstract: Large-scale application of filled coal mining technology has long been limited by conditions
such as the cost of filling. Compared to traditional filling materials, coal flotation tailing filling
materials (CFTFM) offers advantages such as low cost and excellent performance. The Box–Behnken
response surface method was used to investigate the influence of flotation tailing properties on the
mechanical properties and hydration mechanisms of the filling material. Ash content, blending, and
calcination temperature of the flotation tailings were used as the investigating factors, and uniaxial
compressive strength (7d and 28d), slump, and the slurry water secretion rate of the filling material as
the evaluation indicators. The results showed that the influence of the flotation tailings on the uniaxial
compressive strength (28d) of CFTFM followed the order ash > calcination temperature > doping,
with the interaction of ash and calcination temperature having a greater influence on the uniaxial
compressive strength. The optimized pre-treatment conditions for the flotation tailings were 59%
ash, 30% doping, a calcination temperature of 765 ◦C, and optimum uniaxial compressive strength of
7.02 MPa. The effect of flotation tailings on the exotherm of CFTFM hydration was determined using
a TAM Air isothermal microcalorimeter, mainly in the induction and acceleration phases. Combined
with SEM electron microscopy and IR FT-IR analysis of the hydration products, a descriptive model
of the CFTFM hydration mechanism was established. CFTFM hydration can be described in three
phases: diffusion, hydration, and hardening. The CFTFM prepared in this study is applicable to the
integrated mining and charging synergistic mining technology, which can effectively reduce gangue
lifting energy consumption and washing process waste, reduce the cost of filling, and can effectively
achieve harmless, resourceful, and large-scale disposal of coal-based solid waste.

Keywords: coal flotation tailings; coal-based solid waste; cemented paste backfills; response
surface methodology

1. Introduction

Ground subsidence, environmental damage, and other problems in coal mining pro-
cesses exist in large numbers [1], and coal mining subsidence area management has at-
tracted substantial attention from all sectors of society. Filled mining technology covers
fields such as mine safety production, ecological environment management, and compre-
hensive utilization of solid waste, which is an effective way to realize green mining [2].
The single source of traditional filling materials, and the low utilization rate of solid waste
are some of the main factors limiting the large-scale application of filling and mining
technology. The development of new filling materials with high efficiency, high quality,
low cost, and environmental friendliness has gained attention in current research. The
coal flotation tailings originate from the fine-grained tailings left after the sorting of raw
coal in the coal production process, with kaolin being the main component. It contains a
large amount of active Si, Al, and other volcanic ash materials that can react with cement
to promote the hydration process of the filling material and improve the early strength. It
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can replace part of the cement in the preparation of the filling material, which can not only
solve the problem of insufficient filling materials, but also effectively reduce the filling cost.

Currently, the commonly used filling materials in coal mine infill mining are waste
rock cemented filling materials, full tailings, cemented sand filling materials, cemented red
mud filling materials, and paste-pumped filling materials [3]. Guorui et al. [4] investigated
the effect of fine and coarse concrete aggregates on the performance of filler materials using
waste concrete as aggregates. Conventional filler materials are made from a single source,
which is expensive and inefficient. Coal flotation tailings exhibit good volcanic ash activity,
and can be blended with cement to produce cost-effective cementitious materials. The
volcanic ash activity of flotation tailings can be determined by direct and indirect methods,
including acid-base dissolution, the Frattini test, the saturated lime method, and thermal
analysis. The indirect method is primarily a compressive strength test [5]. As a waste
product of the coal washing process, coal flotation tailings currently have few integrated
use pathways and undergo substantial wastage. Flotation tailings can be activated using
certain methods to significantly increase volcanic ash activity. Current methods for the
activation of tailings include physical activation [6], chemical activation [7], thermal acti-
vation [8], and microwave irradiation activation [9]. The preparation of filling materials
from activated coal flotation tailings and coal-based solid waste, such as coal gangue,
can significantly reduce filling costs and improve the efficiency of solid waste utilization.
The performance requirements of the filling materials vary with application. Commonly
used performance indicators for filling materials in coal filling and mining are the uniaxial
compressive strength (7d, 28d) and slump, which characterize the mechanical properties of
the filling material [10] and rheological properties of the transport process [11], respectively.
Hou et al. [12] conducted rheological tests on tailing slurries with different slurry concen-
trations, and concluded that both the yield stress and plastic viscosity tended to increase
with increasing slurry concentrations. To further investigate the factors influencing the
performance of the filling material and its mechanism of action, it is necessary to study the
hydration process of the filling material and the formation of hydration products from a
microscopic perspective. The most common method for studying the hydration process
is to test the exothermic rate curve of hydration, which is the kinetic characteristic of the
hydration of the reaction sample. By measuring the exothermic rate of hydration of fly
ash paste-filled materials, Bo et al. [13] analyzed the characteristics of the changes in each
stage of the hydration kinetic process, and revealed the general rules of the structure of
the filling material and its formation process. Many scholars have proposed hydration
kinetic models based on the hydration law of silicate cement [14,15], laying the foundation
for subsequent research on the hydration mechanism of solid waste cementitious materi-
als. Previous research has focused on examining material ratios of filling materials, and
there is a lack of understanding of the influence mechanism of performance indicators.
Building a relationship between the performance of the filling material and the influencing
factors, and finding the best material ratio for the filling material, are key directions for
research on the efficient use of coal-based solid waste materials to prepare coal mine filling
materials with excellent performance and at low cost. Therefore, this study analyzes the
nature of coal tailings and mixes it with other coal-based solid waste, to prepare filling
materials in order to improve the efficiency of solid waste utilization and reduce the cost of
filling mining.

This study investigated the effects of ash content, proportions, and calcination temper-
ature of flotation tailings on the uniaxial compressive strength (7d and 28d), slump, and
secretion rate of the coal flotation tailing filling materials (CFTFM). Response surface analy-
sis was used to conduct an experimental study on the optimum pre-treatment conditions
for flotation tailings in filling materials. The relationship between pre-treatment conditions
for flotation tailings and the performance of the CFTFM was constructed to determine the
optimum pre-treatment conditions for flotation tailings. The exothermic characteristics of
the CFTFM hydration were determined using the heat of hydration method, and combined
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with the analysis of hydration products to develop a descriptive model of the hydration
mechanism of flotation the CFTFM.

2. Materials

The CFTFM consists of two parts: aggregate and cementing materials. The gangue
was extracted from the coal processing plant in Xiqu, Gujiao, Shanxi Province, and after
crushing and screening, was divided into three grades: <5 mm, 5–10 mm, and 10–15 mm.
The three grades of gangue were mixed in a 4:3:3 ratio as filler aggregates. The cementitious
material was prepared by mixing cement and flotation tailings in a certain proportion, of
which Lionhead ordinary silicate cement was used with a standard of 42.5 R. The main
components included SiO2, Al2O3, Fe2O3, CaO, MgO, etc. The content of each substance is
shown in Table 1.

Table 1. Oxide content in raw materials (%).

Oxide Coal Flotation Tailings Cement

SiO2 53.88 22.36
Al2O3 33.58 6.53
Fe2O3 4.74 3.36
CaO 1.9 61.48
MgO 0.53 1.17
K2O 1.762 1.82
SO3 1.03 1.76

Na2O 0.238 0.30
P2O5 0.166 0.14
MnO 0.035 0.55
ZnO 0.048 0.056
SrO 0.042 0.046

ZrO2 0.054 0.048
Cr2O3 0.029 0.022
BaO 0.026 0.027
CuO 0.023 0.026
PbO 0.017 0.012
LOI 10.8 1.94

The XRD profiles of the main raw materials are shown in Figure 1. The tailings mainly
consisted of kaolinite, quartz, mullite, and crystalline aluminum silicate. The graph shows
a scattering peak at 20–25◦, indicating that the tail coal contains some undecomposed
carbon material. The silica and aluminum elements in flotation tailings and gangue exist
in large quantities in different forms, providing a rich source of silica and aluminum for
the cementation system. The main physical phases of the cement are quartz, mullite, and
crystalline aluminum silicate. The chemical compositions of the flotation tailings and
cement were determined using XRF. The flotation tailings were extracted from the Gujiao
mine and consisted mainly of SiO2 (53.88%), Al2O3 (33.58%), Fe2O3 (4.74%), CaO (1.9%),
MgO (0.53%), and organic matter.
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Figure 1. X-ray diffraction pattern of the raw material.

3. Experiments
3.1. Material Proportioning

The filling material was prepared by mixing gangue, cement, and flotation tailings in
a 1:5 ratio of cement to sand. The aggregates are divided into three particle sizes: <5 mm,
5–10 mm, and 10–15 mm, accounting for 40%, 31%, and 29% respectively. After mixing, the
slurry was mixed with water to a mass concentration of 78%.

3.2. Test Methods and Technical Route

In the single-factor test, each group of specimens were weighed according to the test
protocol, mixed with water, and homogenized in a mixer to form filling slurry. A portion
of the filling slurry was used for determining the slump and water secretions, while the
remaining filling slurry was poured into 100 mm× 100 mm× 100 mm molds to prepare test
blocks for compressive strength testing (7d and 28d). Figure 2 shows a technical roadmap
for performance testing of the CFTFM.
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The specimen preparation and performance indices were determined by the national
standards “GB/T50080-2016 standard test method for the performance of ordinary
concrete mixes” [16], “GB/T1346-2011 cement standard consistency water consumption,
setting time stability test method” [17], “GB/T50081-2019 Standard for test methods of
concrete physical and mechanical properties” [18] and “GB/T23561.10-2010 Methods for
Determination of Physical and Mechanical Properties of Coal and Rock” [19] and other
standard specifications.

3.3. Single-Factor Test for Optimization of Flotation Tailings Pre-Treatment Conditions

The effects of ash content, proportion, and calcination temperature of the flotation
tailings on the uniaxial compressive strength (7d, 28d), slump, and water secretion rate of
the CFTFM were investigated separately.

3.4. Response Surface Testing

Based on the single-factor test, the ash (A), proportions (B), and calcination temper-
ature (C) of the flotation tailings were selected as the investigation factors, the uniaxial
compressive strength (Y) of the CFTFM was used as the response value, and a 3-factor,
3-level experimental design was carried out using Design-Expert software. The factors and
levels of the response surface tests are presented in Table 2.

Table 2. Response surface test factors and levels.

Level
Factors

A. Ash/% B. Proportions/(wt%) C. Calcination Temperature/◦C

−1 50.1 10 650
0 60.55 30 800
1 71 50 950

3.5. Exothermic Hydration Test

Currently, there are two main standards for measuring the heat of hydration: direct
and indirect. A TAM Air 8-channel Isothermal Calorimeter was used to test the exothermic
properties of the CFTFM hydration. Compared to the traditional heat of dissolution method,
isothermal calorimetry is a more accurate and reliable, non-destructive testing technique
with continuous tracking of changes in the heat of the hydration of materials.

Test procedure:

(1) Sample pre-treatment, grinding the solid sample to the same fineness as the cement,
drying it in an oven at 75 ◦C for 30 min before testing, and cooling to room temperature.

(2) According to the scheme presented in Table 3, the masses of the specimens were
weighed separately using an analytical balance with an accuracy of 0.0001 g, and 300 µL
of deionized water was measured using a pipette.

(3) The room temperature was set at 20 ◦C and the test sample was left at a constant
temperature for 2 h or more. The instrument was switched on to ensure that the
temperature of all channels of the microcalorimeter was stable.

(4) The raw material was loaded into the corresponding numbered ampoule, stirred
quickly with water, and sealed quickly with a cap into the TAM Air 8-channel isother-
mal microcalorimetry cell. The corresponding reference sample was placed into the
reference cell at the same time.

(5) The resulting heat flow lines were exported and processed for analysis using data
processing software.

According to the response surface optimization test, the tailing coal pre-treatment
conditions were determined to be 59% ash, 30% proportion, and a calcination temperature
of 765 ◦C. A new cementitious material was prepared as a mineral admixture mixed with
cement. The heats of hydration of pure cement specimen S1 and proportionally optimized
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specimen S2 were tested separately. The heat of the hydration test protocol is presented in
Table 3.

Table 3. Specimen hydration exotherm test protocol.

Sample Water-Glue Ratio
Sample Quality

Cement/g Flotation Tailings/g

S1 0.63 10 0
S2 0.63 7 3

4. Results and Discussion
4.1. Results of the One-Way Test
4.1.1. Effect of Ash on CFTFM Performance

Seven sets of flotation tailing specimens, numbered A1 to A7, were selected with ash
contents of 50.1%, 52.2%, 54.5%, 58.8%, 62.8%, 66.3%, and 71%. Flotation tailings specimens
were mixed with cement at a mass fraction of w = 30% to prepare the CFTFM, which was
tested for uniaxial compressive strength, slump, and water secretion.

The effect of ash on the CFTFM performance is shown in Figure 3. The highest
7d and 28d uniaxial compressive strengths of the CFTFM were achieved when the ash
content of the flotation tailings was 58.8%, reaching 1.7 and 2.26 MPa, respectively. The
slump increased and then decreased with increasing ash content, reaching a maximum
of 58.8% ash (259 mm). The results of the sample slurry water secretion rate tests are
shown in Figure 2b. The water secretion rate of each sample group tended to stabilize at
approximately 90 min, with the ash content increasing, the water secretion rate gradually
decreasing, and the water secretion rate decreasing. The flotation tailings had a minimum
water secretion rate of 9.8% at 71% ash content. Owing to the good volcanic ash activity of
the flotation tailings, the incorporation promotes the hydration rate of the cement [20,21]
and affects the filling slurry secretion rate; however, the effect of ash difference on the
slump of the slurry is not significant.
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Figure 3. Effect of ash on CFTFM performance.

4.1.2. Effect of Doping on the Performance of CFTFM

The CFTFM was prepared by blending the flotation tailings into the gelling material
according to mass fractions of 0, 10%, 20%, 30%, 40%, 50%, and 60%, numbered B1 to
B7, respectively. This was undertaken to investigate the effect of flotation tailings mixing
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amount on the compressive strength, slump, and water secretion rate of the CFTFM. The
effects of different doping levels on the CFTFM performance are shown in Figure 4.
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The 7d and 28d uniaxial compressive strengths of the CFTFM tended to increase
and then decrease, owing to the increasing blending of flotation tailings. The 7d uniaxial
compressive strength of the CFTFM was highest at 30%, reaching 0.76 MPa, which was
higher than that of the pure cement specimen (0.45 MPa). The highest CFTFM 28d uniaxial
compressive strength of 1.76 MPa was achieved at a proportion of 10%. The mechanism of
the effect of the admixture on the performance of the CFTFM is that the early strength of
the filler is mainly based on the hydration reaction of the cement, with the dissolution of
tricalcium silicate in the cement clinker reacting with gypsum to form calcium alumina [22].
Subsequently, hydrated calcium silicate gels were formed in large quantities, releasing the
heat of hydration. Coal flotation tailings have good surface properties and can adsorb large
amounts of Ca(OH)2. At the same time, coal flotation tailings contain a large amount of
active silica and aluminum, which provide good conditions for the formation of hydrated
calcium silicate gel, thus accelerating the rate of the hydration reaction. As a result, when
flotation tailings are increased, the rate of hydration of the filling material is promoted, and
the filling body exhibits a high early strength. The uniaxial compressive strength of the
CFTFM was the lowest when the flotation tailings were blended at 60%, at which point
the blending was too high and the cement content was significantly reduced, reducing
the hydration capacity of the cementitious material and resulting in a poorer CFTFM
performance [23].

The results of the slurry secretion rate tests for each specimen are presented in
Figure 4b. The water secretion rate gradually decreased as the amount of flotation tailings
increased, and the effect of the proportion on the filling slurry secretion rate was more
significant. The higher the proportion, the faster the rate of water secretion, which tends to
stabilize within a relatively short period. At a proportion of 60%, the slurry water secretion
rate reached a minimum of 5.1%, which was much lower than the water secretion rate at a
dosing level of 0 (15.3%).

The effect of the proportion of flotation tailings on the slump of the CFTFM is shown in
Figure 4b. The CFTFM slump decreased with the increased blending of the flotation tailings,
with the lowest slump (218 mm) at 60% proportions [24,25]. The admixture of flotation
tailings is the main factor affecting the slump of the CFTFM because flotation tailings and
gangue, as the main filling aggregates, determine the particle gradation composition of the
filling material [26]. Good particle gradation can cause the coarse and fine particles in the
slurry to be evenly mixed so that the slurry has good fluidity.
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4.1.3. Effect of Calcination Temperature on the Performance of CFTFM

The volcanic ash activity of flotation tailings can be significantly increased by heat
treatment, allowing the preparation of cement and concrete materials with different proper-
ties [27]. There are various methods to stimulate the activity of tailing solid waste, such
as physical and chemical activation. Thermal activation is the most effective method for
enhancing the volcanic ash activity of a material by destroying its crystal structure [28]. To
investigate the effect of different calcination temperatures on the volcanic ash activity of
flotation tailings, flotation tailings with an ash content of 71% were calcined at 650, 700, 750,
800, 850, 900, and 950 ◦C for 3 h. Specimens C1 to C7 were tested for uniaxial compressive
strength, slump, and water retention.

The effect of the calcination temperature on the performance of the CFTFM is shown
in Figure 5. The uniaxial compressive strength of the calcined CFTFM was significantly
higher than that of the untreated CFTFM. As the calcination temperature increases, the
uniaxial compressive strength tends to increase and then decrease, reaching a maximum
value of 4.8 and 6.73 MPa at a calcination temperature of 800 ◦C for 7d and 28d, respectively.
The overall slump tended to decrease gradually, and when the calcination temperature
exceeded 800 ◦C, the slump of the specimen started to fall below 200 mm, which was
below the minimum requirement for pipeline transport of the filling material. As shown
in Figure 4b, the secretion rate tended to decrease from 650 to 950 ◦C, with a maximum
secretion rate of 7.1% at a calcination temperature of 650 ◦C and a minimum of 3.9% at
950 ◦C.
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Figure 5. Effect of calcination temperature on CFTFM performance.

The volcanic ash activity of the flotation tailings increased substantially after calcina-
tion treatment. When the filling material is mixed with water, the components begin to
dissolve and adsorb. A large amount of active material adsorbs hydration products, such
as Ca(OH)2 generated by hydration, providing a good spatial structure and facilitating the
positive movement of the reaction [29,30]. Therefore, it exhibited high early compressive
strength. However, the calcination process is expensive and the slump is significantly
reduced after calcination above 800 ◦C, which is not conducive to practical industrial
applications of the filling process. The calcination treatment temperature of the flotation
tailings should not be higher than 800 ◦C.

4.2. Response Surface Test Results
4.2.1. Response Surface Tests

The results of the response surface tests are listed in Table 4. The 28d uniaxial com-
pressive strength of the CFTFM varied from 0.57 to 8.0 MPa.
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Table 4. Response surface test results.

Serial Number A. Ash/% B. Propor-
tions/(w%)

C. Calcination
Temperature/◦C

Y. Compressive
Strength/MPa

1 50.1 10 800 1.86
2 71 10 800 0.66
3 50.1 50 800 3.37
4 71 50 800 0.75
5 50.1 30 650 4.55
6 71 30 650 0.77
7 50.1 30 950 2.86
8 71 30 950 3.26
9 60.55 10 650 4.9
10 60.55 50 650 4.65
11 60.55 10 950 1.92
12 60.55 50 950 1.88
13 60.55 30 800 7.25
14 60.55 30 800 7.2
15 60.55 30 800 7.15
16 60.55 30 800 8.0
17 60.55 30 800 6.23

4.2.2. Regression Equation and Analysis of Variance

A quadratic polynomial regression equation was obtained by fitting the regression
analysis to the data listed in Table 4. The regression Equation (1) is as follows:

Y = 7.17 − 0.9A + 0.1638B − 0.6188C − 0.355AB + 1.05AC + 0.0525BC − 2.99A2 − 2.51B2 − 1.31C2 (1)

The analysis of variance for the regression model is shown in Table 5.

Table 5. Analysis of variance for the regression model.

Source Sum of Squares df Mean Square F-Value p-Value

Model 93.58 9 10.40 9.82 0.0033 **
A-Ash 6.48 1 6.48 6.12 0.0426 *

B- Proportions 0.2145 1 0.2145 0.2025 0.6663
C- Compressive

strength 3.06 1 3.06 2.89 0.1328

AB 0.5041 1 0.5041 0.4760 0.5125
AC 4.37 1 4.37 4.12 0.0818
BC 0.0110 1 0.0110 0.0104 0.9216
A2 37.69 1 37.69 35.58 0.0006 **
B2 26.62 1 26.62 25.13 0.0015 **
C2 7.27 1 7.27 6.87 0.0344 *

Residual 7.41 7 1.06

Lack of Fit 5.83 3 1.94 4.92 0.0789 not
significant

Pure Error 1.58 4 0.3950
Cor Total 101.00 16

Note: * indicates p < 0.05, significant difference; ** indicates p < 0.01, highly significant difference, as in the table
below. The df in the table represents degrees of freedom.

As shown in Table 5, the regression model was highly significant (F = 9.82, p < 0.01),
indicating that it was a good fit for the measured values. R2 = 0.9266 and Radj

2 = 0.8322
indicated that the model is a good fit for the response values, and can respond to the effects
of the variables on the response values. A comparison of the model predictions with sample
data is presented in Figure 6. The uniaxial compressive strength test was not sufficiently
accurate because of the lack of homogeneous material mixing in the filling material test
blocks and the inaccuracy of the individual data, resulting in the model-predicted values
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being more divergent from the actual measured data. The effects of the primary term A
and secondary terms A2 and B2 on the uniaxial compressive strength of the filling material
are highly significant, while the primary terms B and C, interactive terms AB, AC, and BC,
and the secondary term C2 were not significant. By comparing the F-values, it can be seen
that the order of magnitude of the influence of each factor on the uniaxial compressive
strength of the filling material is ash (A) > calcination temperature (C) > proportions (B).
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Figure 6. Comparison of predicted and measured values.

4.2.3. Response Surface Analysis

The effect of the interaction of these factors on the uniaxial compressive strength of
the CFTFM is shown in Figure 7. The order of the effect of the interaction on the uniaxial
compressive strength was AC > AB > BC, which is consistent with the determination of the
F-value in the ANOVA.
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Figure 7. Effect of the interaction of factors on the compressive strength of CFTFM.

4.2.4. Optimization of the Regression Model

As the effect of insignificant terms on the regression model can interfere with the
predicted values of the model and lead to overfitting, the effects of AB, AC, and BC on
the response surface model were removed to reduce the complexity of the model. The
optimized regression Equation (2) is as follows:

Y = 7.17 − 0.9A + 0.1638B − 0.6188C − 2.99A2 − 2.51B2 − 1.31C2 (2)

The equation analysis of the optimized regression model is shown in Table 6.
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Table 6. Analysis of variance for the optimized regression model.

Source Sum of Squares df Mean Square F-Value p-Value

Model 88.70 6 14.78 12.02 0.0005 **
A-Ash 6.48 1 6.48 5.27 0.0446 *

B- Proportions 0.2145 1 0.2145 0.1744 0.6850
C- calcination
temperature 3.06 1 3.06 2.49 0.1456

A2 37.69 1 37.69 30.65 0.0002 **
B2 26.62 1 26.62 21.65 0.0009 **
C2 7.27 1 7.27 5.91 0.0353 *

Residual 12.30 10 1.23

Lack of Fit 10.72 6 1.79 4.52 0.0829 not
significant

Pure Error 1.58 4 0.3950
Cor Total 101.00 16

Note: * indicates p < 0.05, significant difference; ** indicates p < 0.01, highly significant difference, as in the table
below. The df in the table represents degrees of freedom.

The ANOVA of the optimized regression model is presented in Table 6. The optimized
regression model was highly significant (F = 12.02, p = 0.0005), and the misfit term was not
significant (F = 4.52, p > 0.05), indicating that the optimized regression model is suitable for
fitting the response values. R2 = 0.8782, indicating a good fit between the regression model
and the response values. The difference between Rpred

2 = 0.5511 and Radj
2 = 0.8052 was

small, indicating that the optimized model was a good predictor.

4.2.5. Confirmation and Verification of the Optimum Proportion of Flotation Tailings

The regression model analysis resulted in the optimum conditions for pre-treatment
of the flotation tailings in the filling material as 58.9816% ash, 30.6454% proportions, and a
calcination temperature of 764.805 ◦C. The predicted response value was 7.30918 MPa
with a desirability of 0.906. The optimum conditions were modified in conjunction
with the actual operation to 59% ash, 30% proportions, and a calcination temperature of
765 ◦C. After three validation tests, an average uniaxial compressive strength of 7.02 MPa
was obtained for the filling material, with a relative error of 3.96% from the model predic-
tion. This shows that the optimized regression model has a good predictive performance,
and the optimized flotation tailing pre-treatment conditions are reliable and can be used
for the preparation of the CFTFM.

4.3. Results of Exothermic Hydration Tests

The curves of the exothermic rate of hydration as a function of time, and the cu-
mulative heat release during the hydration of samples S1 and S2, are shown in Figure 8.
The exothermic process of hydration of cement-based materials is generally divided into
five phases: rapid reaction, induction, acceleration, deceleration, and decay [31,32]. The
characteristic values of the duration, exothermic rate, and heat release for each stage are
shown in Table 7, based on the various characteristics of the exothermic rate of hydration
at different stages of the CFTFM.

Table 7. Classification of the exothermic stages of hydration and the heat release and exothermic rate
of each stage.

No.
Rapid Response Phase Induction Phase Accelerated Phase Deceleration Phase

t/h Q/
(J·g−1)

R/
(J·(g·h)−1) t/h Q/

(J·g−1)
R/

(J·(g·h)−1) t/h Q/
(J·g−1)

R/
(J·(g·h)−1) t/h Q/

(J·g−1)
R/

(J·(g·h)−1)

S1 2.2 21.9 9.89 4.5 4.3 0.94 10.1 22.4 2.21 3.4 18.1 5.32
S2 2.5 22.5 8.95 4.2 4.6 1.09 2.3 4.4 1.76 3.6 6.5 1.81
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Figure 8. Rate of exothermic hydration and cumulative heat release.

As can be seen from the above diagram, the CFTFM specimens had exothermic hy-
dration characteristics similar to those of cementitious materials. Comparing the two sets
of specimens, specimen S2 had a longer rapid exothermic phase and a higher phase heat
release. The duration of specimen S2 in the induction and acceleration phases was signifi-
cantly shorter, and both the phase heat release and rate of heat release in the acceleration
phase were significantly reduced. Compared to pure cement sample S1, the second exother-
mic peak of sample S2 was significantly lower and shifted forward. It can be seen that
the influence of the flotation tailings on the exothermic hydration of the CFTFM is mainly
concentrated in the rapid reaction phase and the induction phase. The flotation tailings
have good volcanic ash activity, which reduces the exothermic heat in the acceleration
phase and accelerates the exothermic rate of hydration. The reduction in cement blending
owing to the incorporation of flotation tailings, and the promotion of reactive Si and Al
in the flotation tailings accelerates the hydration of the cement, leading to a change in the
second exothermic peak.

After the exothermic hydration curve reached the second exothermic peak, the hydra-
tion reaction entered a deceleration phase, and the exothermic rate of hydration decreased
with time. The deceleration phase of specimen S2 required less time and was slower. After
the deceleration phase, the hydration reaction rate gradually tends to zero and enters the
decay phase, when the hydration reaction tends to stabilize.

4.4. Hydration Products and Hydration Mechanisms
4.4.1. XRD Analysis of Hydration Products

XRD analysis of hydration products was conducted at different stages of the CFTFM.
The specimens were mixed well with water and placed in plastic molds for 48 h, followed
by the addition of anhydrous ethanol to terminate hydration, drying in an oven, and
subsequent analysis by XRD. The results of this analysis are shown in Figure 9. The
hydration products generated by the filling material after 48 h of maintenance were mainly
hydrated calcium silicate, calcium carbonate, and complex polymers formed from elements
such as Si, Al, and Ca. The types of hydration products generated at different stages are
similar but show different peak heights, with the crystalline phase content of the hydration
products gradually increasing with time.
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4.4.2. FT-IR Analysis of Hydration Products

The hydration products of the samples at each stage of hydration were analyzed by
FT-IR using a Fourier Transform Infrared Spectrometer (FT-IR Spectrometer). The infrared
absorption spectra of the samples are shown in Figure 9.

The FT-IR profile of the CFTFM is shown in Figure 10. The FT-IR spectrum of the
CFTFM is more complex, with absorption peaks in the range of 500–1500 cm−1, and the
main hydration products are silicone polymers in the form of (SiO3)3− and (SiO4)4− [33].
Analysis of the hydration product characteristics at different stages of hydration in the
CFTFM showed that the hydration product types in the system remained unchanged, but
the absorption wave numbers of components such as (SiO3)3− and (SiO4)4− gradually
moved from low to high, and the peak shape narrowed, indicating that the degree of
polymerization of the generated hydration products increased [34]. As the hydration
reaction proceeded, the strength of the filling material increased, and a water-hardened
substance was formed.
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4.4.3. Characterization of the Morphology of the Hydration Products

The microscopic morphology of the hydration products of the samples was pho-
tographed using a TESCAN MIRA LMS scanning electron microscope at ×magnification
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of 20,000. The microscopic morphologies of the hydration products at different stages of
the CFTFM hydration are shown in Figure 11.
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The CFTFM is a complex nonhomogeneous three-phase system that undergoes a series
of physical and chemical changes when mixed homogeneously with water, producing
hydration products of different shapes [35]. Shown in Figure 11, A, B, C, and D are calcium
hydroxide (CH), calcium hydrogenated silicate (C-S-H), calcium tri-sulfate aluminosilicate
(AFt), and unreacted material, respectively. The following model was developed to describe
the hydration mechanism of the CFTFM by dividing the hydration process into three stages:

Proliferation phase: as shown in Figure 11a, the components of the CFTFM dissolve
rapidly after stirring with water, releasing a large number of anions and cations into
the water while being exothermic, which corresponds to the first exothermic peak of the
hydration exothermic curve. The first hydration product that formed after the start of
hydration was AFt. The rate of hydration of the cement clinker (C3A) slows owing to
a large amount of AFt formation, resulting in the system entering the induction period.
During the induction period, the hydration reaction stabilized and the resulting spike-like
calcium alumina was interwoven with the unreacted tailing admixture [36]. The main
chemical reactions that occur during this phase are:

C3A + CH + 12H = C4AH13 (3)

C4AH13 + 3CS’H + 14H = AFt + CH (4)

Hydration phase: as hydration enters an accelerated phase, C3S hydrates rapidly,
forming C-S-H and CH, corresponding to the appearance of a second exothermic peak.
As shown in Figure 11b, a large number of active oxides such as SiO2 and Al2O3 in the
flotation tailings adsorb large amounts of Ca(OH)2, which accelerates the hydration reaction
process [37], and promotes the hydration of the cement clinker to produce flaky CH that
adheres heavily to the surface of unreacted particles. The resulting C-S-H form is not fixed,
and is the main cementing material used for hardening cement. The main chemical reaction
occurring within this phase is:

3Ca·SiO2 + nH2O→ xCaO·SiO2·yH2O + (3 − x)Ca(OH)2 (5)

Hardening phase: the rate of exothermic formation and the phase of the architecture
are low and stable. The formation of fragmented hydration products wrapped around the
surface of the particles is shown in Figure 11c [38]. As the hydration products continue to
increase, the particle spacing is sharply compressed, and particles of different sizes coalesce
with each other under interactive forces such as van der Waals and chemical bonding
forces [39]. This results in irregular hydration products such as caliche interweaving with
each other, forming a reticulated structure [40]. The exothermic hydration of the filling
material tends to zero, the hydration products extend towards the interior of the cohesion,
and the CFTFM continuously strengthens.
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5. Conclusions

(1) The order of influence of each factor of the flotation tailings on the uniaxial com-
pressive strength of the CFTFM was ash > calcination temperature > proportions. The order
of influence of the interaction on the uniaxial compressive strength was ash and calcination
temperature interaction > ash and proportions interaction > proportions and calcination
temperature interaction.

(2) The optimum pre-treatment conditions for the optimized flotation tailings were
59% ash, 30% proportions, and a calcination temperature of 765 ◦C. The optimum uniaxial
compressive strength of the CFTFM was 7.02 MPa.

(3) The effect of flotation tailings on the exothermic hydration of the CFTFM was
mainly on the induction and acceleration phases. With the incorporation of flotation tailings,
the duration of the induction and acceleration phases reduced, the second exothermic peak
occurred earlier, and the peak reduced. This decrease is due to a reduction in cement
blending, and the forward shift is due to the volcanic ash active material in the tailings
promoting cement hydration [37].

(4) The early hydration products of the CFTFM were calcium hydroxide, hydrated
calcium silicate, and calcium alumina [39], with increasing degrees of polymerization with
hydration time. A descriptive model of the hydration mechanism of the CFTFM was
constructed by dividing the hydration mechanism into diffusion, hydration, and hardening
phases [33].
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