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Abstract: To realize the large-scale utilization of municipal solid waste incineration (MSWI) fly ash
in the field of building materials and to reduce the cost of coal mine backfill mining, the effects
of the mixing ratio of cementitious materials, the particle size distribution of aggregates, and the
amount and mass concentration of cementitious materials on the properties of backfill materials
were experimentally investigated, and the microstructure of the hydration products was analyzed.
The results showed that as the mass ratio of MSWI fly ash to bottom ash increased, the rate of
expansion of the cementitious system continued to increase, and the compressive strength of the
cementitious system continued to decrease. The Al (aluminum) and AlN (aluminum nitride) in the fly
ash reacted with water to generate gas, causing the expansion of the cementitious materials; NaOH
increased the alkalinity of the solution, which promoted the formation of more bubbles, thereby
improving the expansion performance of the cementitious material. When the content of NaOH was
0.9%, the sample rate of expansion could reach 15.9%. The addition of CaCl2 promoted the early
hydration reaction of the cementitious material, forming a dense microstructure, thus improving
the early strength and rate of expansion of the cementitious material. The compressive strength of
the backfill body increased as the fractal dimension of the aggregate particles increased, and the
particle grading scheme of group S1 was optimal. The 1-day, 3-day, and 28-day strengths of the
backfill body of group S1 reached 0.72 MPa, 1.43 MPa, and 3.26 MPa, respectively. It is recommended
to choose a backfill paste concentration ranging between 78.5% and 80% and a reasonable amount
of cementitious material between 20% and 25%. After the MSWI fly ash was prepared as a backfill
material, the leaching of potentially harmful elements in the fly ash was greatly reduced, and the
concentration of dioxin was reduced to 13 ng TEQ/kg. This was attributed to the dilution of the
cement, the physical encapsulation of gel products, and the isomorphous replacement of Ca2+ in
calcium aluminate chloride hydrate.

Keywords: municipal solid waste incineration fly ash; coal gangue; backfill material; micro-analysis;
heavy metal leaching

1. Introduction

In 2022, the amount of municipal solid waste in China exceeded 250 million tons,
showing an increasing trend year by year. The recommended treatment methods for
domestic waste are sanitary landfill, incineration, and composting. The incineration method
shows the significant advantages of reducing the amount of waste and being harmless, and
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it is the recommended treatment method adopted by most countries in the world [1–4].
However, 10% to 15% of the waste is turned into incineration fly ash during the incineration
process. In 2022, the emissions of fly ash from waste incineration in China exceeded
6 million tons. Fly ash from waste incineration contains a large number of dioxins, soluble
salts, alkali, and potentially toxic elements (Pb, Cd, Cr, etc.), and it is classified as HW18
(hazardous waste No. 18) [5–7]. The disposal of MSWI fly ash is still dominated by landfill
at present, and how to achieve the resource utilization of MSWI fly ash remains a pressing
problem to be solved [8].

The main components of MSWI fly ash are similar to solid waste such as coal fly ash
and slag and mainly consist of SiO2, CaCO3, Al2O3, and various silicate/aluminate miner-
als. MSWI fly ash also contains a glass-phase component after high-temperature calcination
and cooling [9–11]. Therefore, MSWI fly ash shows a weak hydration activity and can be
used as an auxiliary cementing material for cement and concrete [12]. The application
of MSWI fly ash in the fields of cement and concrete has been extensively investigated.
Polettini explored the changes in the mechanical properties of a waste incinerator bottom
slag–ordinary Portland cement system and the leaching characteristics of trace metals in the
material [13]. The results implied that the waste incineration ash slag had a certain activity
and could be used as a cement admixture. Li et al. investigated the mechanical properties,
hydration mechanism, and leaching toxicity of hardened cement paste mixed with MSWI
fly ash and incineration residues. The results showed that the active components in the
incinerator fly ash were CaO, Al2O3, and Fe2O3, with an activity ratio of 43.58%, which
was twice as high as that of the incineration residue. The addition of the MSWI fly ash
delayed the hydration process of the cement and weakened the strength of the cement [14].
Zhang et al. studied the composition of MSWI fly ash and explored the possibility of using
MSWI fly ash as an active admixture for cement concrete. The results indicated that MSWI
fly ash is mainly composed of clay minerals and has a certain activity. When the addition
of MSWI fly ash was not more than 20%, the role of the MSWI fly ash in the cement was
similar to that of low-calcium fly ash, but when the addition of the MSWI fly ash was
30%, the late-stage strength growth of the cement was slow [15]. Qi et al. investigated
the use of MSWI fly ash as a cement admixture and found that the setting time of the
cement gradually extended, the water requirement for a standard consistency increased,
and the strength of the cement showed a downward trend with the increase in the addition
of incineration ash. MSWI fly ash exhibits hydration activity and is abundant, making
it particularly suitable for preparing coal mine backfill materials [16]. In addition, our
team found through experimental research that certain trace components in fly ash can
undergo chemical reactions to generate bubbles in the alkaline environment of cement
clinker, leading to a micro-expansion of the solidified backfill body. This is highly beneficial
for the roof connection of the backfill body in the mined-out area of coal mines [17].

Bottom ash and coal gangue are both bulk industrial wastes. Coal gangue is the largest
form of solid waste emitted during coal mining and coal washing, accounting for more
than 20% of China’s total industrial solid waste. Among the solid wastes in power plants,
the emission of bottom ash is second only to fly ash, accounting for from 10% to 30% of
the total waste volume [17–20]. Furnace bottom ash is not suitable for use as a building
material admixture such as cement and concrete because of its low activity, coarse particles,
and uneven distribution, and thus it has not been effectively utilized at present [21]. Bottom
ash and coal gangue are largely landfilled or stockpiled, occupying resources, releasing
harmful gases for a long time, and damaging the ecological environment [22]. Chinese
scholars have also conducted many studies examining the application of furnace bottom
ash and coal gangue in the field of mine-filling materials. Lu et al. evaluated the effects of
mechanical grinding, microwave irradiation, and additives on the activity of bottom ash
and characterized the bottom ash and its cementitious samples using laser particle size
analysis, X-ray diffraction, and scanning electron microscopy [23]. Zhang et al. prepared
coal-gangue-based backfill materials using solid wastes such as coal gangue and low-quality
coal fly ash, and they elucidated the mechanism of the influences of different particle size
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combinations on the properties of the backfill materials. The results showed that the
change in the particle size of the coal gangue played a major role in the material properties,
while the change in the particle size of the low-quality coal fly ash and desulfurization
gypsum played a secondary role, and there was an optimal particle size combination,
that is, the combination of coal gangue particle sizes ranging from 0.075 to 0.106 mm and
MSWI fly ash and desulfurized gypsum particle sizes ranging from 0.053 to 0.075 mm
could be optimal [24]. Chen et al. studied the effect of compound activation (mechanical–
thermal activation and chemical activation) technology on the flexural and compressive
strength of coal gangue–cement backfill materials at different ages. The results implied
that the calcination temperature of the coal gangue was around 700 ◦C, and the ratio of
the activators (mass fraction) was 5% quicklime, 1% dihydrate gypsum, and 1.5% sodium
sulphate, resulting in a high activity of the coal gangue [25].

The amount of coal pressed under buildings, water bodies, and railways in China’s
coal mines has reached over 10 billion tons [26]. To maximize the recovery of coal resources,
it is necessary to address the technical issues of mining coal under these conditions. The
backfill mining method can control the movement of the overlying rock layers and protect
ground structures, which is one of the important ways in which to realize green mining
in coal mines [27,28]. With the development of coal mine cemented backfill technology,
the performance of backfill materials has also been significantly improved. However, the
backfill mining method cannot be widely promoted, mainly due to the insufficient early
strength and high cost of backfill materials [29]. There are many studies on the properties
of coal mine backfilling based on fly ash, but there is still not enough research into the
properties of mine backfilling based on MSWI fly ash. In the present work, MSWI fly
ash and coal gangue were used as the main raw materials to prepare coal mine backfill
materials, which can be used for coal mine backfill mining, reducing the cost of backfill
mining, recycling large amounts of solid waste, and protecting the environment.

2. Materials and Methods
2.1. Materials

The backfill material prepared in this study was a mixture of municipal solid waste
incineration (MSWI) fly ash, furnace bottom ash, coal gangue, cementitious material,
and water in a certain proportion. The water–cement ratio was determined as 0.37. The
specimens were labelled PB1-PB4 and DZ1-DZ3, corresponding to their different raw
material components. The coal gangue was sampled from the Lu Gou Coal Mine in
Henan Province, China, and it was composed of sandstone and limestone, the sandstone
accounting for 32% and the limestone accounting for 68%; the MSWI fly ash was sampled
from an MSWI plant in Henan Province, China. It was a yellow-brown powder passing a
100 mesh, and it was formed by the incineration of domestic waste at 850 ◦C. The MSWI fly
ash was dried to constant weight at 105 ◦C and then ground to 350–380 m2 kg−1 to improve
the hydration reactivity of the MSWI fly ash. The mineral and chemical compositions of the
MSWI fly ash are shown in Figure 1 and Table 1. The primary components in the fly ash
were CaO and SiO2, which were present in calcite and quartz minerals, respectively. There
were also metallic Al and aluminum nitride (AlN) in the form of elementary substances in
the fly ash. The furnace bottom ash was sampled from Dongfeng Power Plant in Henan
Province, China. It had an irregular grain appearance and was grayish-green or brown in
color. Its main component was SiO2, which was found in quartz. The reference cement
used was P◾I 42.5 Portland cement consisting of 95% cement clinker and 5% gypsum, which
conformed to the Chinese national standard GB 175-2007 [30]. The quality of the water
should conform to the Chinese national standard GB/T 19923-2005 (the reuse of urban
recycling water—water quality standard for industrial uses) [31].
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Figure 1. XRD spectra of the raw materials.

Table 1. Chemical composition of raw materials (% by mass).

Raw Material/Oxide SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 LOI

MSWI fly ash 71.25 15.68 6.62 3.12 0.02 1.56 0.96 0.43 9.71
Furnace bottom ash 51.30 24.55 10.24 5.76 0.87 2.44 0.35 1.55 7.5

2.2. Paste Performance and Micro-Testing

The coal gangue was crushed and sieved to a particle size of less than 10 mm. It
was mixed with the MSWI fly ash, furnace bottom ash, and standard cement, with wa-
ter being added to prepare a cementitious paste. The paste was determined using a
50 × 150 × 100 mm3 CA mortar spread tester according to the Chinese national standard
GB50119-2013 “Code for concrete admixture application” [32]. The bleeding rate and
initial setting time of the paste were determined according to the Chinese national standard
GB/T50080-2016 “Standard for test method of performance on ordinary fresh concrete” [33].
The cementitious paste was injected into a 40 × 40 × 40 mm3 test mold to produce a solidi-
fied sample, and the backfill paste was injected into a 70.7 × 70.7 × 70.7 mm3 test mold
to produce a backfill sample according to the design recipe. The compressive strength of
the backfill sample was measured after curing at 20 ± 1 ◦C and at 90% humidity for 1 day,
3 days, and 28 days, respectively. The results showed that during the preliminary trial
assembly test, the cementitious paste had expansibility during the solidification process;
therefore, the rate of expansion was used as a performance indicator. The height of the
paste was recorded as L1 when it was just poured into the mold, and the height of the
paste was recorded as L2 after curing for 12 h, and then the rate of expansion was given by
(L2 − L1)/L1. The cementitious sample cured for 28 days was crushed and screened using
a 9.5 mm square-aperture sieve. The leaching tests of the fly ash and solidified sample
were conducted using a mixed solution of sulfuric acid and nitric acid with a pH of 3.2
according to the Chinese industry standard HJ/T 299-2007 “Solid waste-extraction pro-
cedure for leaching toxicity-sulfuric acid & nitric acid method” [34]. The heavy metal
concentration in the leaching solution was determined using inductively coupled plasma
mass spectrometry. The contents of dioxins in the fly ash and solidified samples were
determined according to HJ 77.4-2008 “Soil and sediment determination of polychlori-
nated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) by isotope
dilution HRGC-HRMS” [35].

The oxide compositions of the raw materials were determined using X-ray fluores-
cence (S8 Tiger XRF, bruker, Karlsruhe, Germany) (Table 1). The mineral composition
of the specimens was obtained using an X-ray diffractometer (Rigaku SmartLab, Tokyo,
Japan). The experiments were conducted using Cu Kα radiation at 40 kV and 30 mA at a
scanning speed of 0.02 s−1 over a scanning range of 15◦–60◦. The micromorphology of the
hydration products was determined using a scanning electron microscope (FEI Quanta 250,
Waltham, MA, USA) using an accelerating voltage of 15 kV and an EDAX spectrometer. The
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distribution of heavy metal elements in the backfill body was measured using a Jxa8800r
electron probe micro-analyzer (Jeol, Tokyo, Japan).

3. Results and Discussion
3.1. Effect of the Proportion of Cementitious Materials on Their Working Performance

The experimental design and the results of the effect of the raw material ratio on
the strength of the cementitious system are summarized in Table 2. The cementitious
component of the backfill material was composed of MSWI fly ash, furnace bottom ash, and
reference cement. The water–cement ratio was determined to be 0.37. The samples were
labelled PB1-PB4 and DZ1-DZ3, corresponding to their different raw material components.
The experimental design and the results of the effect of the raw material ratio on the
strength of the cementitious system are shown in Table 2. The strength, especially the early
strength of the samples, was found to be greatly reduced compared with the pure cement
sample after the fly ash and furnace bottom ash were mixed with the cement. For example,
the 3-day strength of the DZ1 group sample was only 34.4% of that of the pure cement
sample; this may be attributed to the addition of the fly ash, which caused the sample
to expand, resulting in a loose structure and a decrease in strength. Furthermore, the fly
ash and bottom ash had lower activities and slower hydration reactions compared to the
cement clinker and thus resulted in a lower early strength.

Table 2. Effect of the sludge ash content on mechanical properties of the cementitious system.

Sample
Raw Material Content (%) Expansion Rate (%) Compressive Strength (MPa)

Fly Ash Furnace Bottom Ash Reference Cement – 3 d 7 d 28 d

PB1 25 25 50 7.2 13.4 19.3 28.9
PB2 35 15 50 10.8 11.9 17.1 27.7
PB3 35 35 30 6.5 9.4 15.2 25.4
PB4 50 20 30 9.1 8.1 12.9 24.0
DZ1 50 0 50 12.7 6.6 11.4 19.1
DZ2 0 50 50 0 15.6 21.5 31.8

Pure cement 0 0 100 0 19.2 30.9 43.7

Comparing the results of the PB1, PB2, and DZ1 groups shown in the table, the rate of
expansion of the cementitious system continued to increase, and the compressive strength
at each age decreased with increasing amounts of MSWI fly ash under the same cement
content [36]. For example, the rate of expansion of DZ1 was 76.4% higher than that of PB1;
nevertheless, the compressive strength of the DZ1 group was only 49.3% of that of PB1
after curing for three days. The expansion of the cementitious pastes might be attributed
to the foaming reaction of the MSWI fly ash with the alkaline solution in the cementitious
pastes, and the increase in the rate of expansion may be due to the increased mixing ratio
of fly ash, resulting in a more violent foaming reaction. Comparing the results of DZ1 and
DZ2, the increase in the amount of furnace bottom ash was beneficial to the improvement
of the samples’ strength [37]. This may be attributed to the fact that the furnace bottom
ash contained more active components that participated in the alkali-activated reaction in
the alkaline solution of the cement, forming more hydrated products and thus enhancing
the strength of the sample. Comparing PB1 and PB3, the rate of expansion of PB3 was still
lower than that of PB1 despite the increase in fly ash addition; this may be due to the lower
cement content in PB3 and the insufficient alkalinity of the paste, resulting in fewer bubbles
produced by the fly ash foaming reaction.

3.2. Effects of Admixtures on the Properties of the Cementitious Materials

To improve the expansion performance of the backfill material, this research attempted
to add a small amount of NaOH to improve the alkalinity of the slurry and CaCl2 to enhance
the early strength of the cementitious material [37–39]. The raw material ratio was based
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on the PB1 formula with the addition of admixtures. The experimental design and results
are summarized in Table 3. It can be seen that the addition of NaOH was beneficial to the
improvement of the expansion properties of the cementitious materials. When the NaOH
content was 0.9%, the rate of expansion of the paste increased by 120.8% compared to that
of the PB1 group, but the strength of PZ3 decreased significantly, which was only 53.7% of
that of specimens in the PB1 group at three days. This may be attributed to the increase in
the alkalinity of the paste solution caused by the addition of the NaOH, which intensified
the foaming reaction and produced more bubbles, causing an increase in the specimen
volume but also a decrease in the density and compressive strength. Therefore, the content
of NaOH added in the paste should not be too much. CaCl2 could slightly increase the
rate of expansion of the paste. When the addition of CaCl2 was 1.8%, the rate of expansion
of ZQ6 was 40.3% higher than that of the PB1 group. This may be due to the fact that the
CaCl2 promoted the hydration of the cement clinker and formed more alkaline hydration
products, which aggravated the foaming reaction of the fly ash [40].

Table 3. Effect of the admixture on properties of the cementitious material.

Specimen Admixture
Admixture Mass

Fraction (%)

Compressive Strength (MPa) Expansion
Rate (%)3 d 7 d 28 d

PB1 – – 13.4 19.3 28.9 7.2

PZ1
NaOH

0.3 11.3 16.6 23.1 10.6
PZ2 0.6 9.7 12.8 21.5 13.7
PZ3 0.9 7.2 11.6 20.4 15.9

ZQ4
CaCl2

0.8 15.2 20.4 29.3 7.5
ZQ5 1.3 17.7 23.0 30.8 9.0
ZQ6 1.8 18.2 25.7 31.2 10.1

The compressive strength of the specimens increased significantly after adding the
CaCl2. The strength of ZQ6 cured for 3, 7, and 28 days increased by 35.8%, 33.2%, and
8% compared to PB1, respectively; among them, the 3-day strength increased the most,
indicating that the CaCl2 mainly acted at the early hydration stage. The addition of CaCl2
could compensate for the reduction in strength caused by the foaming and expansion of
the paste to a certain extent. This could help the backfill material to resist the deformation
of the working face caused by mining-induced pressure.

3.3. XRD Analysis of Hydration Products

Figure 2a,b illustrate the XRD analysis spectra of the backfill cementitious mate-
rials after curing for three days and twenty-eight days. As shown in Figure 2a, the
main hydration products of the cementitious material were hydrated calcium chloroa-
luminate (3CaO·Al2O3·CaCl2·10H2O), portlandite (Ca(OH)2), and crystalline C-A-S-H
(hydrated calcium aluminosilicate), as well as minerals containing potentially harmful ele-
ments, i.e., calcium zinc aluminum oxide (Ca3Al4ZnO10) and laurionite [Pb(OHCl)] [41–43].
Quartz and calcite were present in the unhydrated fly ash, and dicalcium silicate was
present in the unhydrated cement. Portlandite and C-S-H are mainly formed by the hydra-
tion of calcium silicate in cement clinker, and the amount of portlandite can usually reflect
the degree of hydration of cement clinker. A hydrated calcium aluminate chloride and
C-A-S-H gel may be formed by the co-reaction of Al, AlN, NaCl, KCl, and the hydration
product Ca(OH)2 in the raw material of MSWI fly ash. The results further proved that
the foaming reaction of the cementitious materials involved the interaction of Al and AlN
with alkali solutions [44]. A diffuse peak appeared at a 2θ of 31◦~35◦, indicating that a
large amount of hydrated calcium (aluminum) silicate gel was generated. Comparing
the PZ3 and ZQ6 results shown in Figure 3b, the diffraction peaks of hydrated calcium
chloroaluminate were enhanced significantly upon NaOH doping, indicating an increase
in the production of hydrated calcium aluminate, which was attributed to the fact that the
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Al and AlN in the raw materials of the MSWI fly ash formed a layer of dense, solid Al2O3
and Al(OH)2 film in the air, and the film was dissolved by the NaOH solution; furthermore,
the Al and AlN could react with water to form hydrogen, ammonia, and hydrated calcium
chloroaluminate, which was the reason for the higher rate of expansion of W2. Compared
with PB1 and ZQ6, the addition of CaCl2 enhanced the diffraction peaks of portlandite
and hydrated calcium chloroaluminate, while the diffraction peaks of dicalcium silicate de-
creased in amplitude, which could be due to the fact that the CaCl2 promoted the hydration
reaction of the fly ash–furnace bottom ash–cement cementitious system to produce more
alkaline Ca(OH)2, which reacted with the Al and AlN in the fly ash to produce the hydrated
calcium chloroaluminate [45]. This is also the reason why CaCl2 can improve the material
rate of expansion. Comparing Figure 3a,b, the diffraction peak of dicalcium silicate and
quartz decreased in amplitude with the extension of the curing age, the diffraction peak of
portlandite enhanced, and the production increased. This finding suggested that the more
reactive SiO2 and Al2O3 in the fly ash were involved in the alkali excitation reaction.
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3.4. SEM Analysis of Hydration Products

Figure 4 shows the SEM images and electron probe backscattering images of the PZ3
and ZQ6 specimens. Figure 4a demonstrates that the fly ash–furnace bottom ash–cement
cementitious system produced more air holes with a pore diameter of 0.1–0.5 mm after
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the addition of the NaOH, and the air holes were inter-connected, leading to a decrease
in intensity. There were petal-shaped crystals in the A region inside the pore wall of the
PZ3 sample (Figure 4b), which were determined to be hydrated calcium chloroaluminate
based on the hexagonal lamellar morphology of the crystals [46], proving once again that
the MSWI fly ash was involved in the hydration reaction. Figure 4d shows the microscopic
morphology of the ZQ6 sample. The porosity of the sample was smaller than that of the
PZ3 sample, and the pore diameter ranged between 0.02 and 0.1 mm. There was a dense
gel structure between the pores, which led to a high macro strength of the sample. This
was because the CaCl2 could promote the hydration reaction of the fly ash–furnace bottom
ash–cement cementitious system, forming a dense microstructure. Figure 4d depicts the
microstructure of the PZ3 sample after 28 days of hydration. The microstructure of the
PZ3 sample became more compact, and the strength further increased after 28 days of
hydration, which was conducive to increasing the compactness and resistance to damage
of the backfill body. Figure 4e,f present the distribution diagrams of the Pb and Ni in
Figure 3a, respectively. The brighter the image, the greater the concentration of the element.
There were many areas with a significantly higher brightness in the imaging maps of
Pb and Ni, indicating the enrichment of these two elements in the distribution of the
gel material. According to the morphological characteristics shown in Figure 4d, Pb
and Ni were solidified in the gel phase of the hydration products, while other heavy
metal elements were not enriched, which was more favorable to reducing the leaching of
potentially harmful elements in the sample.
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3.5. Determination of the Optimal Particle Size Distribution of Coal Gangue

Particle gradation refers to mixing different sizes of aggregates in a certain proportion
to achieve a relatively dense state. Particle gradation exerts a significant influence on the
strength of backfill material, so it is necessary to determine the optimal particle gradation
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through experiments. Fractal theory includes the principles of self-similarity and iterative
generation. The composition characteristics of the particle gradation can be obtained using
the fractal dimension, and a reasonable relationship between the fractal dimension and the
strength of the backfill material can be established; the optimal particle gradation scheme
can then be determined using the fractal dimension.

The particle size distribution function is first defined to represent the fractal dimension
of the particle size distribution of backfill aggregates:

F(x) =
N(x)

N0
(1)

N(x)—The number of aggregates with a particle size not bigger than x;
N0—The total number of aggregates.

According to the definition of a fractal N ∝ δ−D, the dimensionless components X
Xmax

are constructed. Considering the case when x = xmax, N(xmax) = N0 is established, the total
number of aggregates with a particle size not greater than sieve size x is:

N(x) = N0

(
x

xmax

)−D
(2)

Thus, the particle size distribution function can be obtained as:

F(x) =
(

x
xmax

)−D
(3)

After a series of derivations (omitted in this article), the particle size distribution
quality distribution function can be determined as:

P(x) =
x−(D−3) − x−(D−3)

min

x−(D−3)
max − x−(D−3)

min

(4)

Neglecting Xmin due to the very small size of the backfill aggregate, the following can
be derived:

P(x) =
M(x)

M0
=

(
x

xmax

)3−D
(5)

It can be seen from Equation (5) that the mass distribution of aggregate particle
gradation can be established as a relationship with the fractal dimension D. The value range
of the fractal dimension of the aggregate is between the topological dimension and the
spatial dimension through the analysis of the concept of fractal dimension, that is, 2 < D < 3.
Taking logarithms on both sides of Equation (5), we obtain:

lg
M(x)
M0

= (3 − D)lg(x) + b (6)

b is a constant, and taking lg M(x)
M0

as the ordinate and lg x as the abscissa, the data
pertaining to the quality distribution of the particle size grading of the aggregate can be
fitted into a straight line; let k = 3 − D, where k is the slope of the line, whence the fractal
dimension is denoted by D.

To achieve the pressure pumping of the backfill slurry, it was ensured that the pipe
was not blocked, the strength of the backfill body was ensured, and the coal gangue was
crushed and screened to a maximum particle size of 4.75 mm and 9.5 mm, respectively. The
aggregate grading design and screening results are listed in Table 4.
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Table 4. Results of aggregate gradation.

Number
Percentage Passing (%)

0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5

S1 6.24 14.59 25.42 34.27 49.30 78.11 100 0
S2 5.61 12.87 21.33 32.18 47.35 75.99 100 0
S3 3.82 9.55 17.26 26.19 39.93 73.07 100 0
S4 4.87 12.33 22.01 31.15 41.43 63.76 88.29 100
S5 3.23 10.68 18.59 26.11 35.60 60.44 85.10 100
S6 1.71 7.78 15.86 22.70 30.31 54.47 80.54 100

According to Equation (6), the aggregate screening results were imported into a double
logarithmic coordinate system, and the Curve Fitting Tool in MATLAB™ R2018a software
was used to fit the aforementioned data using the least squares method. The fractal
dimension D of the particle size distribution was calculated. The results are summarized in
Table 5.

Table 5. The fitting result and fractal dimension of the aggregate particle distribution.

Number Fitting Equation Correlation
Coefficient (R2)

Grain Size Distribution
Fractal Dimension (D)

S1 y = 0.6x + 1.64 0.9669 2.4
S2 y = 0.7x + 1.62 0.9779 2.3
S3 y = 0.8x + 1.55 0.9802 2.2
S4 y = 0.6x + 1.54 0.9479 2.4
S5 y = 0.7x + 1.49 0.9400 2.3
S6 y = 0.8x + 1.41 0.9207 2.2

To establish the relationship between the fractal dimension of the particle size distribution
and the strength of the backfill body, a single-factor test method was used to conduct strength
experiments on the backfill material. The backfill cementitious material consisted of MSWI
fly ash, furnace bottom ash, and reference cement, with mixing ratios of 35%, 15%, and 50%,
respectively, and a CaCl2 addition of 1.3%. To increase the fluidity of the paste, a 1.5% content
of a naphthalene-based water reducer was added, and the ratio of cementitious material to
coal gangue was 1:4. The mass concentration calculation formula for the backfill material
was (m(cementitious material) + m(coal gangue))/(m(cementitious material) + m(coal gangue) + m(water)), and
the mass concentration was set to 79%. The compressive strength test was conducted, and the
results are listed in Table 6.

Table 6. Compressive strengths of the backfill body with different particle size distributions.

Number Fractal
Dimension

Compressive Strength (MPa)

1 d 3 d 28 d

S1 2.4 0.72 1.43 3.26
S2 2.3 0.60 1.31 3.11
S3 2.2 0.55 1.15 2.62
S4 2.4 0.64 1.33 2.92
S5 2.3 0.58 1.12 2.53
S6 2.2 0.52 1.07 2.37

As presented in Table 6, the compressive strengths of the six groups of mixed ag-
gregates increased with increasing the fractal dimension. Among the three groups of
specimens with a maximum particle size of 4.75 mm, the compressive strengths of the
group S1 samples cured for 1 day, 3 days, and 28 days were 30.9%, 24.3%, and 24.4%
higher than those of group S3, respectively; among the three groups of specimens with
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a maximum particle size of 9.5 mm, the compressive strengths of the group S4 samples
cured for 1 day, 3 days, and 28 days were 23.1%, 24.3%, and 23.2% higher than those of
group S6, respectively. The number of fine particles in the mixed aggregate increased as the
fractal dimension decreased based on the screening results in Table 4. The fine particles
of aggregate filled the interstices between the coarse particles, resulting in an increased
density and strength of the backfill body.

Table 6 shows that when the fractal dimension values were the same, the strength
of the specimens with a maximum grain size of 4.75 mm at each age was higher than
that of the specimens with a maximum grain size of 9.5 mm. This was attributed to the
fact that the content of fine particles in the mixed aggregate increased as the maximum
particle size of the aggregate decreased. The contact area between the aggregate and the
cementitious paste increased, thus enhancing the cohesion between the cementitious paste
and the aggregate, further improving the strength of the backfill body. In summary, the
S1 gradation was the best among the six particle size gradation schemes, and the strength
of the backfill body prepared therewith was the highest.

3.6. Effects of the Mass Concentration on the Working Performance of Backfill Materials

The experimental design was conducted according to the single-factor test method.
The backfill cementitious material was composed of MSWI fly ash, furnace bottom ash, and
reference cement. The contents of these components were 35%, 15%, and 50%, respectively.
The content of CaCl2 was 1.3%. The content of naphthalene-based water reducer was 1.5%,
the ratio of cementitious material to coal gangue was 1:4, and the particle size distribution
followed the S1 mixing ratio scheme. The mass concentrations of the backfill material were
set to 78%, 78.5%, 79%, 79.5%, 80%, and 80.5%, and the effects of the mass concentration
on the slump, bleeding rate, rate of expansion, and compressive strength of the backfill
material were determined.

Table 7 shows that the slump decreased as the concentration of the backfill paste
increased. The slump of the W6 specimen was only 83 mm, making it difficult to transport
over long distances and therefore not suitable for engineering applications. The water-
bleeding rate of the paste decreased as the concentration of the slurry increased. For
example, the water-bleeding rates of the W1 and W2 groups with concentrations of 78%
and 78.5%, respectively, reached 7.2% and 4.5%, exceeding the limit of 3%; therefore, they
were not adopted in practice. The segregation of coarse aggregates during transportation
will be caused by a high water-bleeding rate, causing blockage of the conveying pipeline,
and excess backfill water could contaminate the roadway and increase drainage costs.
Therefore, it is recommended to choose a mass concentration between 78.5% and 80%.

Table 7. Effects of the mass concentration on the working performance of backfill materials.

Number
Mass

Concentration (%)
Slump (mm) Bleeding

Rate (%)
Expansion

Rate (%)

Compressive Strength (MPa)

1 d 3 d 28 d

W1 78 141 5.2 13.6 0.32 0.94 1.87
W2 78.5 135 2.9 12.1 0.54 1.21 2.50
W3 79 132 2.7 10.9 0.72 1.43 3.26
W4 79.5 123 2.3 8.8 0.82 1.51 3.31
W5 80 111 2.1 6.7 0.97 1.74 3.52
W6 80.5 83 1.8 4.2 1.16 2.13 3.68

The compressive strength of the consolidated body at every age continued to in-
crease with the increasing concentration of the paste. When the concentration increased
from 79.5% to 80%, the strength at the three ages increased by 18.3%, 15.2%, and 6.3%, re-
spectively. The rate of expansion of the consolidated bodies decreased as the concentration
increased, and all were smaller than the specimens containing pure cementitious material,
which may be due to the diluting effect of the aggregate. The W3, W4, and W5 samples
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could all meet the design requirements for the various properties of consolidated bodies in
backfill mining, and they can be considered as being of the preferred ratio.

3.7. Effects of Cementitious Material Addition on the Working Performance of Backfill Materials

The backfill cementitious material was composed of MSWI fly ash, furnace bottom
ash, and benchmark cement. The contents of these components were 35%, 15%, and 50%,
respectively. The content of CaCl2 was 1.3%. The content of naphthalene-based water
reducer was 1.5%, and the particle size distribution followed the S1 mixing ratio scheme;
the mass concentration of the paste was 79%, and the contents of the cementitious material
were set to 10%, 15%, 20%, 25%, and 30%, giving five groups, numbered from C1 to C5.
The test results are summarized in Table 8.

Table 8. The effect of the cementitious material addition on the working performance of backfill materials.

Number
Content of Cementitious

Materials (%)
Slump (mm) Bleeding

Rate (%)
Setting Time

(min)

Compressive Strength (MPa)

1 d 3 d 28 d

C1 10 131 3.4 375 - 0.28 0.83
C2 15 134 2.9 285 0.31 0.96 1.75
C3 20 137 2.7 245 0.72 1.43 3.26
C4 25 138 2.4 220 1.12 2.28 5.51
C5 30 140 1.8 205 1.82 3.08 8.33

Table 8 indicates that the compressive strength of the consolidated body increased
with the increase in the amount of cementitious material. When the amount of cementitious
material was 10%, the test block was too soft to measure the strength value. The strength
of the specimens cured for 28 d was only 0.83 MPa, which usually cannot meet the later
strength requirements of backfill material. Therefore, the 10% addition scheme was not
adopted. When the amount of cementitious material was 20%, 25%, and 30%, the corre-
sponding 1-day and 28-day strengths exceeded 0.7 MPa and 3 MPa, respectively. Generally,
this can meet the strength requirements in the early and late stages. It is reasonable to
choose the 20% and 25% addition schemes, considering the cost of the backfill. The slump
of the slurry tended to increase as the addition of cementitious materials increased, but
the growth rate therein was relatively small, with an increase in slump of only 9 mm from
10% to 30% of the amount added. The increase in the slump of the paste may be due to the
lubricating and rolling effects of the fine particle powders in the cementitious material on
the backfill paste.

The water-bleeding rate of the backfill paste gradually decreased as the amount of
cementitious material increased. When the amount of cementitious material was 30%, the
water-bleeding rate reached the lowest level of 1.8%. The decrease in the water-bleeding
rate may be due to the increase in fine particles in the paste, which formed a network
of condensed spatial structures through water film interconnection under the action of
the molecules. This reduced the formation of capillary pathways and pores within the
backfill material, thereby decreasing the water-bleeding rate. The setting time of the slurry
decreased as the amount of cementitious material increased due to the increase in the
number of active components in the cementitious material, which accelerated the hydration
reaction of the backfill material and reduced the setting time of the paste.

3.8. Heavy Metal Leaching and Dioxin Concentration

Table 9 shows the leaching concentrations of the four potentially harmful elements,
with higher contents in the raw materials and hydration products. As presented in Table 9,
Ni, Pb, Cd, and As elements in the MSWI fly ash were all higher than the limits set out in the
Chinese national standard GB 5085.7-2019 “Identification standards for hazardous waste:
general rules” [47]. The leaching concentration of potentially harmful elements was greatly
reduced after preparing the fly ash as a backfill material, and all of them were lower than
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the leachable heavy metal concentration limit set by the hazardous waste identification
standard and the Chinese industry standard HJ 1134-2020 “Technical specification for
pollution control of fly-ash from municipal solid waste incineration” and the Chinese
industry standard GB 30760-2014 “Technical specification for coprocessing of solid waste in
cement kiln” [48,49]. This was due to the dilution effect of the cement on the one hand and,
on the other hand, the hydration of the fly ash–furnace bottom ash–cement cementitious
system forming C-S-H and C-A-S-H, with its dense structure (Figure 3c) and extremely low
permeability, and the heavy metal fixation in the backfill material, which could restrict the
migration of the free-state heavy metal ions outward through physical encapsulation. This
was also the reason why the leaching of potentially harmful elements from the specimens
of the backfill material was relatively low [50]. The alkaline environment formed by the
fly ash–furnace bottom ash–cement cementation system promoted the occurrence of a re-
decomposition precipitation reaction, thus leading to the formation of very-low-solubility
hydroxides of heavy metal ions, such as laurionite [51]; in addition, the Ca2+ in the hydrated
calcium chloroaluminate structure formed by the fly ash–cement cementitious system could
fix Cd2+, Pb2+, Ni2+, etc., through homocrystalline replacement, thus fixing the potentially
harmful elements in the cement structure and decreasing their leaching concentration [52].
The total dioxin concentration in the fly ash raw material was 426 ng-TEQ/kg, and that
of the W3, W6, and C5 specimens was 45, 31, and 13 ng-TEQ/kg, respectively, which was
lower than the limit value of the dioxin content in fly ash treatment products codified in
HJ 1134-2020 “Technical specification for pollution control of fly-ash from municipal solid
waste incineration” [48]. The reduction in the concentration of dioxin in the solidified body
may have been due to the dilution and encapsulation effects of the cement.

Table 9. The heavy metal leaching concentration of fly ash and cementitious materials.

Element

Concentration of Heavy Metal Ions in the Leaching Solution (mg/L)

Leaching
Solution of fly

Ash Raw
Materials

W3 Leaching
Solution

W6
Leaching
Solution

C5 Leaching
Solution

GB 5085.3-2007
Limit Values of

Hazardous Waste
Identification
Standards [53]

GB 30760-2014 Limits
for the Leachable

Heavy Metal
Concentrations in
Cement Clinker

Ni 8.53 0.18 0.11 0.03 5 0.2
Pb 32.45 0.26 0.19 0.09 5 0.3
Cd 4.86 0.02 0.01 ND 1 0.03
As 7.34 0.07 0.02 ND 5 0.1

4. Conclusions

(1) The rate of expansion of the cementitious system continued to increase and the com-
pressive strength decreased as the mass ratio of MSWI fly ash to furnace bottom
ash increased. Aluminum and aluminum nitride in the fly ash reacted with water
to generate gases, causing an expansion of the cementitious material. The sodium
hydroxide increased the alkalinity of the solution, promoting the formation of more
bubbles, thereby improving the expansion properties of the cementitious material.
Its maximum rate of expansion could reach 15.9%. The addition of calcium chloride
promoted the early hydration reaction of the cementitious materials, forming a dense
microstructure and enhancing the early strength and rate of expansion of the cementi-
tious materials. Both lead and nickel were solidified in the gel phase of the hydration
products, which was more favorable to reducing the leaching of potentially harmful
elements from the specimens.

(2) The compressive strength of the backfill body continued to increase with the increasing
fractal dimension of aggregate particles. The compressive strength of the backfill
body increased as the maximum particle size of the aggregate decreased when their
fractal dimensions were the same. Among the six particle size gradation schemes,
the S1 gradation scheme was optimal, with the strength of the prepared backfill body
reaching 0.72 MPa, 1.43 MPa, and 3.26 MPa at 1 day, 3 days, and 28 days, respectively.
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(3) As the concentration of the backfill paste increased, the slump, water-bleeding rate,
and consolidation and rate of expansion of the paste continuously decreased, while the
compressive strength of the consolidated body at various ages continuously increased
(the higher the concentration of the paste, the larger the increase in the compressive
strength), and the specimens from the W3, W4, and W5 groups could all meet the
design requirements for material properties in backfill mining, and they could be used
as the preferred ratio. The compressive strength of the backfill body and the slump
of the paste increased with the increase in the amount of cementitious material. The
water-bleeding rate of the backfill paste gradually decreased, and the setting time of
the paste was decreased.

(4) After the MSWI fly ash was prepared as the backfill material, the leaching of nickel,
lead, cadmium, and arsenic elements in the fly ash could be greatly reduced, and the
concentration of dioxin was reduced to 13 ng TEQ/kg. This result was attributed to
the dilution of the cement, the physical encapsulation of the gel products, and the
isomorphous replacement of Ca2+ in the calcium aluminate chloride hydrate.
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