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Abstract: The utilization of solid wastes (SWs) as a potential resource for backfilling is not only
conducive to environmental protection but also reduces the surface storage of waste. Two types
of SWs, including fly ash (FA) and desulfurized gypsum (DG), were used to prepare cementitious
backfilling materials for underground mined-out areas. Ordinary Portland cement (OPC) was
used as cement in mine backfill. To better investigate the feasibility of preparing backfill materials,
some laboratory tests, such as uniaxial compressive strength (UCS), scanning electron microscopy
(SEM), and energy dissipation theory, were conducted to explore both strength and microstructural
properties of backfilling. Results have demonstrated that the main components of FA and DG in
this study are oxides, with few toxic and heavy metal components. The ideal ratio of OPC:FA:DG is
1:6:2 and the corresponding UCS values are 2.5 and 4.2 MPa when the curing time are 7 days and
14 days, respectively. Moreover, the average UCS value of backfilling samples gradually decreased
when the proportion of DG in the mixture increased. The main failure modes of various backfilling
materials are tensile and shearing cracks. In addition, the corresponding relations among total input
energy, dissipated energy and strain energy, and stress–strain curve were investigated. The spatial
distribution of oxygen, aluminum, silicon, calcium, iron and magnesium elements, and hydration
product are explored from the microstructure’s perspective. The findings of this study provide both
invaluable information and industrial applications for the efficient management of solid waste, based
on sustainable development and circular economy.

Keywords: solid waste; sustainable waste management; strength characteristics; microstructural
analysis; backfilling materials

1. Introduction

The extraction of ore resources has promoted the progress of human civilization,
providing critical raw materials for sustainable development and circular economy [1,2].
However, it is irrefutable that resource mining has also caused a series of complications,
such as water and air pollution [3], geotechnical risks [4], environmental hazards [5],
farmland occupation [6], and tailings dam failures [7]. Solid waste output is growing at
an annual rate of over 1 billion tons [8]. With the environmental protection policies and
sustainable development goals, the whole use of solid waste has become a key strategy to
building a resource-saving and environment-friendly city worldwide [9]. Solid wastes may
cause some geotechnical and chemical instabilities if they are not well managed.

Wastes like fly ash (FA) and desulfurization gypsum (DG) are two main industrial
solid wastes in Baotou city in Inner Mongolia, China [10]. Improving the utilization rate of
FA and DG is one of the important technical problems to be solved by the industry [11].
At the moment, FA is mainly used as an additive for cement and the preparation of
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cementitious materials, while DG is mainly used to prepare gypsum-based new building
materials [12,13]. Numerous scholars and engineers have conducted the feasibility of the
above two types of solid waste utilization [14,15]. It was found that the risk assessment
codes in FA posed no or low risk [16], while the heavy metals in DG showed a medium
risk to the ecosystem [17]. In addition, the lime, FA, and DG were chosen as additives
for investigating the solidification and stabilization of swelling soils [18]. Wang et al. [19]
found that proper dosage and mineral additions affect the mechanical strength of the
flue gas DG and FA system. Moreover, it was found experimentally that gypsum-based
composites’ properties improved due to the synergistic effect between industrial wastes
and straw fibers [20].

The existence of underground mined-out areas seriously threatened workers and
equipment; on the other hand, it severely restricts the reform of mining methods [21].
Especially for mines where there are toxic elements (e.g., cyanide, arsenic, and lead) in
the ore itself, this effect is even more obvious [22]. Tailings are called solid waste or
hazardous waste after ore processing [23,24]. They can also be prepared concrete additives,
backfilling, and construction materials [25,26]. However, tailings containing toxic elements
or heavy metal ions cannot be used for filling underground voids according to the related
environmental protection standards [27–29]. Thus, exploring the feasibility of using FA
and DG to prepare mine backfilling is the main purpose of this study. Scholars have so far
used backfill samples with ecofriendly binders [30,31] and cement-based composites [32]
on a single or combination of FA [33,34] and DG [35,36] as industrial waste.

In this study, cement, FA, and DG are utilized to prepare the backfill materials for
underground voids. A series of laboratory tests, including uniaxial compressive strength,
energy dissipation theory, and scanning electron microscopy, are conducted. The present
study investigates the particle size distribution and chemical composition of FA and DG,
strength and loading energy development, and cement-based backfills’ microstructural
characteristics. This study’s main contribution is that it can provide a reliable reference for
the feasibility of preparing mine backfills prepared with solid waste.

2. Materials and Methods
2.1. Materials
2.1.1. Characteristics of FA and DG

In this study, two solid wastes (e.g., FA and DG) obtained from Inner Mongolia were
selected as additive materials for preparing the tested mine backfill specimens. Particle
size distributions of these two materials were measured by the LSPOP (9) laser particle size
analyzer (OMEC, Zhuhai, China). Figure 1 shows the particle size distributions of both FA
and DG materials. Moreover, the physical properties of FA and DG materials were shown
in Table 1.

Figure 1. Particle size distributions of fly ash (FA) and desulfurization gypsum (DG) materials.
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Table 1. Physical parameters of FA and DG materials.

Materials D10 (µm) D25 (µm) D50 (µm) D75 (µm) D90 (µm) Specific Surface Area
(m2/kg)

FA 2.766 8.067 46.324 163.687 499.833 737.135
DG 7.431 24.241 44.355 127.431 417.263 353.377

The chemical composition of both FA and DG was tested by using the sequential
X-ray fluorescence spectrometer from the University of Science and Technology Beijing,
Beijing, China. The basic parameter including scanning velocity, voltage, and current were
300◦/min, 60 kV, and 140 mA, respectively. The X-ray fluorescence spectrometry was
conducted to investigate the chemical composition of tested mine specimens in this study.
The cement composition of FA and DG materials were listed in Figure 2.

Figure 2. Chemical composition of FA and DG materials.

2.1.2. Binder and Water

In this study, the ordinary Portland cement from Chengxin Cement Manufacturing
Co., Ltd from Tanshan in China named OPC 42.5R was selected as a basic binder for
preparing the mine fill samples. The chemical composition of the cement used was shown
in Table 2. Tap water was used to mix the FA, DG, and cement.

Table 2. Chemical composition of ordinary Portland cement (OPC) 42.5R.

Chemical Composition SiO2 Fe2O3 Al2O3 MgO CaO SO3 K2O

content (%) 20.1 2.91 5.11 1.57 61.8 1.98 0.37

2.2. Specimens Preparation and Curing Conditions

Firstly, an electronic scale named AUW120D 220D with an accuracy of 0.01 g from
Japan was used to weigh the FA, cement, DG, and water. Secondly, dry cement, FA, and
DG were mixed at least for 3 min. Tap water was poured into the stirring tank, and then
the JJ-5 cement mortar mixer produced by Wuxi Jianyi Instrument Machinery Co., Ltd. was
used to mix for 3 min again until the slurry was fully dispersed. The diameter and height of
cylindrical molds were 50 and 100 mm, respectively. Note that a recent experimental work
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by Yilmaz et al. [37] has been checking specimen size effect on compressive strength of
cemented tailings or paste backfills, showing that samples with a diameter of 5 and 10 cm
in height always gave better strength performance than other sample sizes (D × H: 7.5 cm
× 15 cm and 10 cm × 20 cm) for a given cemented tailings backfill recipe. The slurry was
poured into the molds and then placed in a curing box named HSBY-40B. The temperature
and humidity were set as 20 ± 1 ◦C and 90 ± 5%. The curing time were set as 7 and 14 days
in this study. Figure 3 shows the entire process of the mine filling specimen preparation.

Figure 3. The preparation process of tested specimens.

In this section, the cement-to-solid waste (FA and DG) ratio was set as 1:8. Table 3
shows the proportion of each component of each sample in each group. Among them, “F-8-
D-0”, “F-6-D-2”, “F-4-D-4”, “F-2-D-6”, and “F-0-D-8” indicated the number of each tested
specimens, the number after F indicated the proportion of FA for each tested specimen,
and the number after D indicated the proportion of DG for each tested specimen. In the
five groups, each group of six specimens, a total of 30 specimens were tested.

Table 3. The proportions of each component of each specimen.

No. OPC (wt. %) FA (wt. %) DG (wt. %) Water (wt. %)

F-8-D-0 7.8 62.2 0.00 30
F-6-D-2 7.8 46.7 15.5 30
F-4-D-4 7.8 31.1 31.1 30
F-2-D-6 7.8 15.5 46.7 30
F-0-D-8 7.8 0.00 62.2 30

2.3. Uniaxial Compressive Tests

In this study, the both ends of the tested mine fill specimens’ sections were polished
to ensure flatness. As shown in Figure 4, the uniaxial compressive tests were performed
to obtain their uniaxial compressive strength (UCS). The wdwi-100 loading system of the
Materials Center of the University of Science and Technology Beijing (Beijing) was used for
UCS testing. The loading rate was set as a fixed speed of 1 mm/min. To reduce the test
errors, each group of uniaxial compression tests contained three specimens to obtain the
mean UCS values for the final evaluation. The experimental data could be recorded and
stored in the computer during the whole loading process.
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Figure 4. Photo of testing apparatus implemented in this study.

2.4. Principle of Energy Dissipation

It is known that the materials including rock, steel, and other cement-based materials
deformed during the whole loading process [38] assuming that there was no heat exchanged
between the physical process and the outside world. It was a closed system, and the
total input energy generated by the external force was U. According to the first law of
thermodynamics [39,40], we could obtain the below equations.

U =
∫ ε

0
σdε (1)

Ue =
1

2E0
σ2 (2)

The Ud was determined as:
Ud = U − Ue (3)

In Equations (1)–(3), U was the total input energy, MJ·m −3; Ud was the dissipation
energy, MJ·m −3; Ue was the strain energy that the specimens can release, MJ·m −3; E
was the unloaded elastic modulus of the samples, MPa, here was replaced by the initial
elastic modulus E0; ε was the strain of the samples; and σ was the sample’s stress. Figure 5
showed the relationship between the dissipation energy and the releasable strain energy.

Figure 5. The relationship between Ud and Ue.
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2.5. Scanning Electron Microscopy Analysis

The microstructure characteristics of the mine backfill specimens were investigated
using a scanning electron microscope (SEM: Zeiss EVO18, Carl Zeiss AG, Oberkochen,
Germany) system. The basic parameters of the microscope used were as follows: the
accelerating voltage was between 10 and 20 kV; the maximum magnification and resolu-
tion were 2000 times and 3 nm, respectively.Before the experiment, the observed samples
were dried, and then mine filling samples were sprayed with diamond by vacuum coat-
ing [41,42]. The processed samples could be observed by SEM. Figure 6 shows the SEM
observation process.

Figure 6. Photos of the used ZEISS EVO18 SEM system for microstructural investigations.

3. Results and Discussion
3.1. Effect of FA/DG Ratio on the UCS

Table 4 shows the UCS values of specimens prepared with different FA and DG
proportions after curing times of 7 and 14 days. In Table 4, “1, 2, and 3” represented three
specimens’ number with the same ratio. It should be emphasized that the “F-6-D-2-2”
specimens in the 7 and 14 day curing time did not meet the test requirements; therefore, the
data were deleted. The average UCS values of mine fill samples prepared with different
solid-to-waste ratios after curing time of 7 and 14 days were shown in Figure 7.

Figure 7. Average compressive strength of 7 day and 14 day cured backfill specimens.
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Table 4. The uniaxial compressive strength (UCS) results of the tested mine backfill specimens.

Test
No.

UCS
(MPa)

Test
No.

UCS
(MPa)

Test
No.

UCS
(MPa)

Curing Times: 7 days

F-8-D-0-1 0.50 F-6-D-2-1 2.52 F-4-D-4-1 1.03
F-8-D-0-2 0.55 F-6-D-2-2 / F-4-D-4-2 1.00
F-8-D-0-3 0.54 F-6-D-2-3 2.45 F-4-D-4-3 1.02
Average: 0.53 Average: 2.49 Average: 1.02
F-2-D-6-1 0.53 F-0-D-8-1 0.47
F-2-D-6-2 0.60 F-0-D-8-2 0.38
F-2-D-6-3 0.50 F-0-D-8-3 0.44
Average: 0.54 Average: 0.43

Curing Times: 14 days

F-8-D-0-1 0.96 F-6-D-2-1 4.35 F-4-D-4-1 3.34
F-8-D-0-2 0.83 F-6-D-2-2 / F-4-D-4-2 3.04
F-8-D-0-3 1.00 F-6-D-2-3 4.06 F-4-D-4-3 2.91
Average: 0.93 Average: 4.20 Average: 3.10
F-2-D-6-1 2.23 F-0-D-8-1 1.07
F-2-D-6-2 2.18 F-0-D-8-2 1.11
F-2-D-6-3 2.34 F-0-D-8-3 0.91
Average: 2.25 Average: 1.03

It could be obtained that the average UCS values of the samples cured at 7 and 14 days
varies with the solid-to-waste ratios. The ideal ratio was 1:6:2 (OPC:FA:DG), the average
UCS values for 7 days of curing time has reached 2.49 MPa, and the average UCS value
reached 4.20 MPa after curing time of 14 days. In addition, the average UCS values of
the mine backfill specimens gradually decreased when the proportion of DG increased.
However, the minimum average UCS value of the F-0-D-8 specimen was 0.43 MPa when
the curing time was 7 days. The main reason behind this behavior was that much more
DG content would affect more hydration products generated inside the tested specimens.
Moreover, the UCS values of tested F-8-D-0 mine fill specimens were not so large because
of the hydration reaction inside the specimens was not obvious. Accordingly, the average
UCS values of tested F-6-D-2 specimens in this section could meet the UCS requirement of
the cut and fill mining method.

3.2. Effect of FA/DG Ratio on Stress–Strain Relation

Figure 8a,b show the relationship between stress–strain of tested mine filling speci-
mens when the curing time were 7 and 14 days, respectively.
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In general, the stress–strain curves can divide into four stages: (1) Pore compaction
stage: there would be lots of pores in the tested specimens due to FA and DG particles.
These pores would be compacted when the pressure increased during this stage, resulting
in a concave stress–strain curve. (2) Linear elastic stage: the strain also increased with the
pressure increased. Thus, the curve became a straight line. (3) Unstable rupture stage: the
elastic deformation turned into plastic deformation during this stage. The UCS values
gradually reached their peak with cracks growth. (4) Crack propagation stage: after the
samples reached their peak, as the pressure increased, the samples’ crack expanded until
samples was failed. It was also found that the F-6-D-2 and F-4-D-4 tested specimens
showed strong brittleness after UCS reached the peak values. However, the UCS values
of F-8-D-0, F-2-D-6, and F-0-D-8 tested mine backfill specimens were not so large. The
specimens showed a good ductility after reaching their UCS values.

The UCS values of the tested specimens increased with the curing time increased. The
chemical hydration reaction became more adequate, and the hydration products were more
produced with time. Moreover, the hydration products filled up the pores and cracks in
the tested cement-based composites specimens, resulting in denser specimens. Therefore,
the UCS values of tested filling specimens were improved accordingly.

3.3. Energy Dissipation Analysis

Figure 9 showed the stress–strain and energy evolution curves of the tested specimens.
It was found that the input energy and the dissipation energy showed a nonlinear growth
trend with the axial strain increased.

However, the elastic strain energy increased firstly and then decreased combining
with the specimens’ failure process during the uniaxial compression tests. It was also
obtained that the energy dissipation characteristics and energy distribution laws of the
specimens were different in different deformation stages. The elastic strain energy in the
samples occupied a dominant position before the peak failure.

Most of the input energy was converted into elastic strain energy and stored inside
samples. Samples’ elastic energy slows down, while the dissipated energy increased after
entering the plastic rupture stage. When the crack increased sharply, the crack accelerated
and expanded. After reaching the UCS location, the cracks’ growth trend further increased.
The elastic energy accumulated was suddenly released and converted into the dissipation
energy. At last, the tested mine backfill specimens were failed eventually.

Figure 9. Cont.
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Figure 9. Samples’ stress–strain and energy evolution curves: (a) F-8-D-0; (b) F-6-D-2; (c) F-4-D-4; (d) F-2-D-6; and (e) F-0-D-8.

3.4. The Failure Modes of BMs

Figure 10 shows the failure modes of the tested mine backfill samples with different
proportions in the UCS test. It was found that the main failure modes of the F-8-D-0
and F-4-D-4 specimens were tensile failure along the loading direction. However, shear
cracks mainly appeared on the surface of the F-2-D-6 and F-0-D-8 specimens. Moreover,
both the shear and tensile cracks appeared on the surface of the F-6-D-2 specimen. It was
also obtained that each tested mine fill sample in this study showed obvious brittleness
corresponding to the stress–strain curves. With the increase of the axial loading pressure,
the cement-based composites specimens showed that the accelerated crack propagation
and fragments fell off the surface of the specimen.
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Figure 10. Failure modes of mine backfill specimens with different proportions under uniaxial compression.

3.5. Microstructural Characteristics Analysis

Figure 11 shows that SEM images of tested mine backfill samples with five different
solid waste ratios when the curing time was 7 days. The ImageJ software was used to
explore the microstructure of the tested backfill samples. Figure 11a shows the microstruc-
tural diagram of the F-8-D-0 samples. It was found that there were many large-size particles
of FA on the sample’s surface. There were also many pores on the tested specimen’s sur-
face. Moreover, the maximum particle size of FA and the largest pore size were 29.06 µm
and 24.62 µm, respectively. It was also found from Figure 11b that a large amount of
hydration products including calcium silicate hydrate (C-S-H), and few pores appeared on
the solid-phase particles’ surface. Moreover, the surface of the F-6-D-2 sample was much
denser than other mine fill samples in this study. As shown in Figure 11c, lots of large-size
pores existed on the F-4-D-4 sample’s surface, and the maximum size reached 40.94 µm.
Moreover, there were still lots of large-particle DG pieces and pores on the surface of the
F-2-D-6 and F-0-D-8 mine fill samples, as demonstrated in Figure 11d,e.
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Figure 11. SEM image of 7-day cured specimens: (a) F-8-D-0; (b) F-6-D-2; (c) F-4-D-
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Figure 11. SEM image of 7 day cured specimens: (a) F-8-D-0; (b) F-6-D-2; (c) F-4-D-4; (d) F-2-D-6; and (e) F-0-D-8.

The element distribution mappings of the specimens’ SEM images were shown from
Figures 12–16. As shown in Figure 12, it was found that the Si, Al, and O elements were
concentrated in the large amounts at the FA particles’ location, which were consistent
with the XRF analysis results (Figure 2). In Figure 13, the hydration reaction proceeded
sufficiently and produced a large amount of flocculating substances. According to the
element distribution, it was speculated that these flocculating substances were C-S-H
formed by the reaction of CaO, Al2O3, SiO2, and water. Moreover, the UCS values of
the mine backfill specimens were strengthened because of the appearance of these C-
S-H gels. Moreover, the elements including Ca, S, and O gathered in large amounts
at the DG particles’ locations with the proportion of DG increased, which were shown
in Figures 14–16. The presence of these DG particles directly caused the UCS values of the
mine backfill specimens to decrease.
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Figure 12. SEM elemental mapping of the F-8-D-0 specimen.

Figure 13. SEM elemental mapping of the F-6-D-2 specimen.
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Figure 14. SEM elemental mapping of the F-4-D-4 specimen.

Figure 15. SEM elemental mapping of the F-2-D-6 specimen.



Minerals 2021, 11, 409 14 of 16

Figure 16. SEM elemental mapping of the F-0-D-8 specimen.

4. Conclusions

To explore the mechanical and microstructural characteristics of cement-based solid
waste composites, some lab experiments such as uniaxial compressive strength, energy
dissipation, and scanning electron microscopy were conducted. From the performed tests,
the following results can be drawn:

(1) The UCS results shown that the ideal backfill mix (OPC:FA:DG/1:6:2) provided a
strength gain of 2.49 and 4.20 MPa for a curing time of 7 and 14 days, respectively.

(2) The mean strengths of mine fills steadily decreased with increasing DG content. The
obtained strengths meet the criteria required for the cut and fill mining system.

(3) The total input energy and elastic strain energy showed a nonlinear growth trend
with increasing loads. The elastic strain energy increased first and then decreased.

(4) The dissipative energy grew gradually before samples failed. The elastic energy
values accumulated in samples were suddenly released and converted into dissipative
energy when samples were closed to failure.

(5) A typical backfill failure mode was tensile along the loading direction and shear
cracks. Samples showed obvious brittleness corresponding to their stress–strain
curves.

(6) Hydration products including calcium silicate hydrate on the surface of the ideal
backfill mix were denser and had less porosity, which verified the high UCS value.

As a result, the findings of this research work have proven the feasibility of using fly
ash and desulfurized gypsum to prepare backfills for underground mines. It is also good
to notice that further investigations on optimization of the dosages of solid wastes used
within mine backfill samples are now in progress.
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