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Abstract

In this study, solid waste granulated blast furnace slag and flue gas desulfurization gypsum were used to solidify municipal
solid waste incineration fly ash to prepare cement-free backfill material. It was found that appropriate concentrations of fly
ash (30 wt%) in backfill materials improved its mechanical strength, fluidity and rheological properties, as well as reduc-
ing the setting time, the ratio of bleeding and heavy metals leaching; shrinkage during drying was also restrained. XRD,
FTIR and SEM results indicate that, under the action of OH™ in fly ash, depolymerization of surface alumina and silica
structures of slag occurred, and a large volume of silicon-oxygen and aluminum-oxygen tetrahedra were released in the
pore solution, forming [Ca,Al(OH),-2H,0]*. In sample M10, the hydration reaction of SO,>~ from desulfurization gypsum
and [Ca,Al(OH),-2H,0]" resulted in the formation of ettringite due to the incorporation of insufficient fly ash. When the
volume of fly ash increased, the alkaline environment improved the activity of the slag, the hydration reaction was favored
by CI™ from fly ash, and ettringite and Friedel’s salt co-existed in the cementitious system. With a further increase in fly-ash
content, almost all [Ca,Al(OH)¢-2H,0]* released by slag reacted with C1~ rather than SO,>~ to produce Friedel’s salt due
to the small molecular size of C1~, which are more prone to react with [Ca,Al(OH),-2H,0]*, while ettringite disappeared.
This study used solid waste to stabilize fly ash for the preparation of backfill material providing a new solution for fly-ash
disposal, as well as providing an innovative method for low-cost and sustainable restoration of mine areas.

Keywords Municipal solid waste incineration fly ash - Cement-free - Backfill materials - Working performance - Friedel’s
salt - Ettringite

Abbreviations Introduction

MSW Municipal solid waste

MSWIFA Municipal solid waste incineration fly ash With the rapid economic development in China, the pro-
GBFS Granulated blast furnace slag duction and storage of municipal solid waste (MSW) has
FGDG Flue gas desulfurization gypsum rapidly increased. It was estimated that more than 260 mil-

lion tons of MSW is generated in China each year, having
an annual increase of about 8—10 wt%, resulting in seriously
environmental degradation (Zhan et al. 2019). Incineration
is an important method for removing municipal waste due
to its many advantages, such as volume and weight reduc-
< K. Li tion, fast processing speed and heat recycling (Hatami et al.
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in the construction material sector (Tang et al. 2020; Tian
et al. 2021, éyc et al. 2020). However, as MSWI FA is col-
lected in the flue gas purification system as well as in the
heat recovery and utilization system, its yield is related to
the type of waste, incineration conditions, incinerator type
and flue gas treatment process. This waste generally accounts
for about 3—5% of the total amount of incinerated waste (Bie
et al. 2016b; Huang et al. 2017; Tan et al. 2013; Fan et al.
2021b; Tian et al. 2021). The types of MSW are very com-
plex. During the incineration process, heavy metal elements in
MSW will be migrated and transformed, and the majority of
heavy metals are concentrated in the MSWI FA. This results
in an extremely high heavy metal content in MSWI FA which
can cause significant harm to soil, groundwater, air, the sur-
rounding ecological environment and even human health. In
addition, organic matter in MSW is incinerated to produce
dioxins which are concentrated in MSWI FA. Dioxins are the
collective name of 75 polychlorinated biphenyls and dioxins
(polychlorinated dibenzo-p-dioxins, PCDDs) and 135 poly-
chlorinated biphenyls and furans (polychlorinated dibenzo-
furans, PCDFs), 17 of which are strongly carcinogenic, tera-
togenic and mutagenic (Deng et al. 2020; He et al. 2022). In
China, MSWI FA is classified as a hazardous waste, and it is
stipulated in the Technical specification for pollution control
of fly ash from municipal solid waste incineration (Chinese
standard HJ 1134-2020) that this material can only be used
as a resource after a harmless treatment.

Recently, solidification/stabilization (S/S) with various
cements has been reported to be the optimal method to solid-
ify MSWI FA; solidified materials are mainly used in mine
backfilling (Wang et al. 2015; Zheng et al. 2019; Sobiecka
2013). However, the high price of cement has led to many
limitations in mine backfill projects (Cihangir et al. 2012).
In addition, the cement industry consumes a large number of
raw materials, producing a large amount of CO,. For example,
production of a ton of Portland cement needs approximately
1.8 tons of raw material, producing about 1.0 ton of CO,.
Cement production is therefore detrimental to the environ-
ment, having limited ability to be used as an eco-efficient
material (Zhang et al. 2011). Identifying new materials to
replace cement for mine backfill is therefore important for
the development of mine restoration (Clavier et al. 2019).

Granulated blast furnace slag (GBFS) is a solid waste
obtained by quenching to a glassy state before crystallization
during pig iron smelting. After grinding, GBFS has a potential
hydraulic activity and chemical methods, involving the use of
alkali and sulfate which can stimulate this activity. Although
MSWI FA exhibits a certain cementitious activity, reactivity
is relatively low and its inclusion may hinder the hydration
reaction of cement (Igor et al. 2018). As MSWI FA is strongly
alkaline, when it is used with flue gas desulfurization gypsum
(FGDG), it can destroy the surface structure of GBFS, activat-
ing its potential activity to trigger a hydration reaction. The use
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of GBFS and FGDG as an alternative to cement to solidify
MSWI FA is an efficient, cost-effective and sustainable strat-
egy (Cihangir et al. 2012).

However, investigations have predominantly used GBFS
as a binder for solidifying MSWI FA by adding an alkali-acti-
vator, such as geopolymer, metakaolin and cement to activate
the activity of GBES, thereby promoting the hydration reaction
to achieve solidification (Lee et al. 2009; Long et al. 2021;
Erfanimanesh and Sharbatdar 2020; Jin et al. 2016). Several
studies have shown that needle-like ettringite and C—S—H gel
were generated in alkali-activated-based materials, which in
turn improved their workability and effectively sequestered
the toxic substances in MSWIFA (Ren et al. 2021; Shao et al.
2021). This was an effective strategy to use MSWI FA and
reduce heavy metal leaching, thereby reducing environmen-
tal pollution. Ettringite phase (3Ca0-Al,05-3CaS0O,-32H,0),
also known as AFt, is a phase in which the [Al(OH),]; octa-
hedra are linked through Ca®* ions, forming columns along
the c-axis of the needle axis (Behera et al. 2020; Liu et al.
2021). However, ettringite transforms into the AFm phase
when there is an insufficient amount of S. AFm is regarded as
material having a high CI™ binding ability (Zhang et al. 2019a).
A previous study has shown that tricalcium aluminate (C;A)
underwent a hydration step that led to the formation of the
AFm structure ([CazAl(OH)6-2H20]+) (Liu et al. 2018). To
balance the positive charge of the structure, CI™ occupied the
site above AI*T in the space between the OH™ ions to form a
Friedel’s salt (Li et al. 2017; Zhou et al. 2017).

Research for this investigation was undertaken in 2019 in
Beijing, China. Here, GBFS and FGDG were used to solidify
MSWI FA, producing a backfill material. In the hydration
reaction, alkaline substances in MSWI FA can activate the
potential activity of GBFS to reduce the mobility of harmful
substances in MSWI FA, thus reducing potential environmen-
tal degradation. As other alkali activator material is not added
in this process, this method is more convenient. The effect of
the MSWI FA content on the properties of backfill materials,
such as water content of standard consistency, setting time,
fluidity, mechanical strength, rheological properties, ratio of
bleeding, drying shrinkage and leaching risk of heavy metals,
was examined. Hydration product composition and morphol-
ogy of pastes were studied using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier transform
infrared spectroscopy (FTIR).

Materials and methods
Materials
MSWI FA used in this study was obtained from a MSW

incineration plant in Beijing, China. The waste incinerator
system used SN-type grate incineration technology from
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the TAKUMA company in Japan. Incineration of MSW
was performed between 850 and 1000 °C with a capac-
ity of 1600 ton/day. Tailing and, GBFS and FGDG were
collected from Hebei Xingtai Jintaicheng Environmental
Resources Co., Ltd, China. Material was oven-dried at
35 °C for 72 h before being stored separately in a sealed
bag for subsequent use. FGDG and GBFS were ground
into a fine powder using a ball mill to increase its fineness
for better reactivity.

Sample preparation

The mortar preparation method used in this study was
based on the Chinese standard JGJ/T70-2009. After stir-
ring, fresh mortar was immediately used for testing fluid-
ity, rheological properties and ratio of bleeding. To assess
the unconfined compressive strength and dry shrinkage
of the specimens, homogeneous mortars were placed on
a vibrating table to remove air bubbles and ensure a com-
pact structure before being placed in 40 x40 X 160 mm
mold. After curing for 24 h in standard curing condi-
tions (25 °C, 95% humidity), the molds were removed and
samples were placed back in the curing box and sealed
with a plastic film to avoid changes in water content and
heavy metal leaching. The experimental conditions were
selected to simulate the temperature and humidity of an
underground mine in China (Li et al. 2020).

Samples used to understand hydration product composi-
tion and morphology of backfill material were stirred before
the paste mixtures were placed in a 30 X 30X 50 mm mold.
Samples were removed after curing for 24 h. Curing con-
tinued for a further 28 days under the same conditions used
for mortar samples. Samples were then broken and soaked
in anhydrous ethanol for 48 h to stop the hydration reaction;
samples were then dried in a vacuum oven at 35 °C for 72 h.
Large samples were selected for SEM, while the remaining
samples were finely ground (<40 um) and analyzed using
XRD and FTIR.

The formulation of MSWI FA-slag-based backfill
material is shown in Table S1. According to previous
investigation (Wang et al. 2019), a total of eight different
mixtures were prepared. The samples were denoted as Mx
where x denotes the percent of mass of MSWI FA in the
total mass of MSWI FA and binders (Table S1).

Experimental methods
Setting time test

The setting time test was carried out in accordance with the
Chinese standard JGJ/T70-2009. The value of the penetration

resistance was measured 2 h after curing and then measured
every half hour until it reached 0.3 MPa. After this value had
been reached, penetration resistance was then measured every
15 min until a value of 0.7 MPa was recorded. These two val-
ues are the initial setting time and the final setting time of the
mortar, respectively.

Fluidity test

Mortar fluidity was measured in accordance with the Chinese
standard GB/T 2419-2005. At the end of the experiment, mor-
tar fluidity was calculated using average values (mm) of meas-
ured diameters of the slurry in two directions perpendicular
to each other. Generally, gravity transportation occurs when
fluidity exceeds 250 mm; fluidity of the slurry transported by
the paste pump was recorded to be between 180 and 240 mm
(Zhang et al. 2019b).

Mechanical strength and leaching test

The unconfined compressive strength test was measured in
accordance with the Chinese standard GB/T17671-1999.
In China, the strength of backfill material usually reaches
3 MPa after 28 days (Fan et al. 2018; Men and Xie 2018).
The leaching test was performed according to the Chinese
standard HJ 557-2010. After acidification, the concentration
of heavy metals in the leachate was measured on a SHI-
MADZU 2030 inductively coupled plasma mass spectrom-
eter (ICP-MS).

Ratio of bleeding

The experiment for ratio of bleeding was carried out in accord-
ance with the Chinese standard JC/T 2153-2012. Fresh mor-
tar was poured into a graduated cylinder and total mass was
weighted (M). The mass of the graduated cylinder and water
added to the mortar was denoted as M, and M,, respectively.
After 30 min, slurry volume was observed every five minutes
until a stable value was recorded, and the mass of the efflu-
ent water (M;) was measured. The ratio of bleeding (Rb) was
calculated as:

— Ms x 100 1)
(Ml Mg) X (M, % 100)/(M, + 1800)

Rb =

Dry shrinkage test

The drying shrinkage test was carried out in accordance with
the Chinese standard JGJ/T70-2009. Mortar was placed into
test molds, compacted and then placed in a curing room at
20+ 5 °C. After 7 days, the molds were removed and initial
lengths measured; directions were marked on the mortar.
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Specimen lengths were measured according to the marked
direction after 7, 14, 21, 28, 56 and 90 days.

Rheological properties

In the absence of a standard for the measurement of rheo-
logical properties of mortar, convenient methods for sam-
ple pre-treatment and testing were developed. Prior to each
measurement, samples were stirred with a spatula for 1 min
to obtain a homogeneous mixture. Stirring was performed
to limit any effect of self-settlement of the tailing particles
during curing, as well as to break bonds generated by hydra-
tion products. The stirring blade was then gently inserted
into the mortar, and the minimum depth of the mortar was
equal to twice the height of the stirring blade. A motor was
turned on and the internal structure of the mortar was con-
tinuously damaged, creating a shear stress on the rotor. The
shear rate of the rotor increased from 0 to 120 Pa/s in 120 s,
and shear stress was recorded (Jiang et al. 2019). Shear stress
generated at different shear rates was used to understand
the relationship between internal stresses and the dynamic
equations in the mold evolution. Finally, shear yield stress
and plastic viscosity were calculated, and the type of fluid of
the mortars was determined (Nguyen and Boger 1985; Petra
and David 1996; Jiang et al. 2016).

Results and discussion
Raw materials

After grinding or drying treatment, the specific surface areas
of MSWI FA, GBFS and FGDG were 340, 500 and 450 m?%/
kg, respectively (analyzed by CZB-9 BET Automatic Spe-
cific Surface Area Analyzer). Particle size of the raw mate-
rials was analyzed using a LMS-30 laser diffraction scat-
tering particle size distribution analyzer (Fig. S1). Volume
accumulative distribution (VAD) of 10, 50 and 90% of the
different raw materials is displayed on the upper left corner
of the particle size distribution. XRF test results (analyzed
by XRF-1800 sequential X-ray fluorescence spectrometer)
of raw materials are shown in Table S2. XRD spectra (Fig.
S2) were recorded using a Rigaku D/Max-RB X-ray diffrac-
tometer in the range of 5°-90°.

Tailing sand
The main chemical elements in the tailing sand were Ca, Si,
Mg, Al and Fe (Table S2), and the main mineral phases of

tailing sand were SiO, and a small amount of CaCO; (Fig.
S2a).
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GBFS

The main chemical elements in GBFS were Ca, Si, Mg
and Al (Table S2). Figure S2b shows the XRD pattern of
GBFS, displaying an obvious broad band, which indicates
the predominant amorphous nature of the GBFS. In addition,
a small contribution of crystalline CaCO; was observed.
According to the Chinese National Standard for Granulated
blast-furnace slag used for cement production (GB/T 203-
2008), the performance indices of GBFS were calculated
based on its chemical composition and by applying Egs.
(2)—(4). It can be seen that GBFS used in this study is a
high-quality slag with high activity and neutral alkalinity.

Hydraulic activity
K = w(CaO + MgO + Al,05)/w(Si0,)=2.23> 1.6 (High quality)

@
Activity coefficient
H, = w(Al,05)/w(Si0,) = 0.50 > 0.25 (Highactivity)
3
Alkalinity coefficient
M, = w(CaO + MgO)/w(SiO, + AL,0;) = 1.15 > 1 (Alkalinity)
“

where W represents the mass fraction.

FGDG

FGDG used in this study is the main by-product of the wet
limestone-gypsum desulfurization process. The main chemi-
cal elements in FGDG are Ca and S, while the main mineral
phase is CaSO,-2H,0 (arrow in Fig. S2c¢).

MSWI FA

The main chemical elements in MSWI FA are Ca, Cl, S,
Na and K, whereas the main mineral phases are NaCl, KClI,
CaS0O,, CaCO; and Ca(OH),. The concentration of each
PCDD/Fs (polychlorinated dibenzo-p-dioxins and dibenzo-
furans) congener of MSWI FA was recorded to be notably
lower than those of the relevant standard (Table S3). This
investigation therefore mainly focused on controlling heavy
metal leaching.

Effect of the MSWI FA content on the mortar
performance

Water content of standard consistency and setting time

Water content of standard consistency (represented by
WCSC in Fig. 1) of the backfill material tended to initially
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Fig. 1 Effect of MSWI FA content on mortar setting time

decrease before increasing with an increase of MSWI FA
inclusion. Water content of standard consistency of sample
MO was 24.2%, while those of samples M 10, M20 and M30
were reduced by 0.5%, 2.6% and 4.4%, respectively. These
changes were due to the specific surface area of MSWI
FA being smaller than that of GBFS. The incorporation
of MSWI FA reduced the overall fineness of the cementi-
tious material, and the reduction of the proportion of fine
particles reduced the water adsorption capacity and water
consumption of backfill materials. Standard consistency
water consumption was recorded to gradually increase for
samples M40, M50, M70 and M90. In samples M40 and
M50, strong water absorption by MSWI FA accounted for
the gradual increase in water content. Further inclusion of
MSWI FA increased water absorption of the cementitious
system, among which the water content of standard con-
sistency of samples M70 and M90 significantly increased,
reaching 26.8% and 29.5%, respectively.

The effect of MSWI FA amount on mortar setting time
(Fig. 1) was examined. Initial (11.8 h) and final (13.5 h) set-
ting times of MO were recorded to be the longest out of all
samples. With an increase in MSWI FA incorporation, sam-
ple setting time decreased accordingly, and for sample M50,
initial and final setting times were 7.7 and 9.1 h, respectively.
However, the tendency to decrease was very obvious for
samples M70 and M90; initial and final setting times for
sample M90 were 2.1 and 2.3 h, respectively.

For sample MO, the absence of MSWI FA led to incom-
plete activation of GBFS, resulting in a weak hydration reac-
tion and long setting time of the cementitious system. When
MSWI FA was added to the system, the system became
alkaline and potential activity of GBFS was promoted. As a
result, the release of [CazAl(OH)GoZHzO]Jr from GBFS and
hydration of SO,*~ ions in FGDG and CI™ ions in MSWI FA

with [Ca,Al(OH)¢-2H,0]* occurred, accelerating the speed
of hydration reaction and shortening mortar setting time.
However, initial and final setting times drastically increased
as MSWI FA content further increased. This is due to the
fact that although the increase in heavy metal content and
reduction of active components in mortar led to scarce
hydration reaction (Bie et al. 2016a), strong water absorption
of MSWI FA resulted in rapid mortar sticking. This process
formed a highly viscous mud which significantly decreased
initial and final setting times (Fig. 1).

Fluidity, leaching and mechanical strength

Fluidity and mechanical strength of the backfill material
are essential parameters for successful transportation and
a safe underground working environment for all mining
personnel. Heavy metal leaching concentration determines
the environmental safety of the backfill material. In this
work, the effect of MSWI FA on strength and fluidity of the
backfill material was studied (Fig. 2). Mechanical strength
of the backfill material was recorded to initially increase
before decreasing as the amount of MSWI FA incorpora-
tion increased (Fig. 2). For sample M0, when no MSWI
FA was incorporated, the mechanical strength of the back-
fill material was only 5.49 MPa after 360 days, mechanical
strength increased with an increase in MSWI FA, reach-
ing 29.06 MPa (the highest value) in sample M30. After
M30, further increases in MSWI FA resulted in dramatic
decreases in mechanical strength of the backfill material.
Hence, mechanical strength of samples M70 and M90 was
less than 3 MPa after 360 days. This result is due to the
fact that when the backfill materials are not modified with
MSWI FA, GBFS activity cannot be fully activated only
by SO,>~ in FGDG, resulting in an insufficient hydration

20F

Compressive strength/MPa
1
oo
3
Fluidity/mm

100

Sample

Fig. 2 Fluidity and mechanical strength in mortar samples
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reaction which leads to a poor strength of the backfill materi-
als. However, for samples M 10, M20 and M30, incorpora-
tion of WSWI FA acts as an alkali activator and the activity
of GBFS was gradually stimulated, resulting in an improve-
ment in the rate of the hydration reaction and the internal
stability of the mortar (Fan et al. 2021a; Liu et al. 2021). In
addition, a large number of hydration products and a dense
structure were formed which improved the strength and
working performance of the backfill material. When MSWI
FA content further increased due to the low cementitious
ability of MSWI FA, the contribution of active components
in the cementitious system was lower. The hydration reac-
tion was therefore weak as only a few hydration products
were generated, thereby decreasing the mechanical strength.

In addition, as the amount of MSWI FA increased, flu-
idity initially increased 300 mm before decreasing. This
change was due to the fact that the particle size of MSWI
FA was in between GBFS, FGDG and tailing sand, and a
small amount of MSWI FA can improve the particle size
distribution of the backfill material; MSWI FA particles are
mainly in the form of regular spherical, which have the role
of ball-bearings and lubrication, thereby improving fluid-
ity of fresh mortar. However, MSWI FA has a strong water
absorption ability, leading to a decreased in the amount of
free water, thereby reducing fluidity.

The results of leaching of heavy metals after a curing
treatment of 28 days are shown in Table 1. According to the
standard for groundwater quality in China (GB/T 14848-
2017), the concentration of heavy metals in MSWI FA was
recorded to be higher than the environmental safety limits. It
is worth noting that the concentration of all leaching heavy
metals in backfill materials increased with an increase in
the amount of MSWI FA; however, they were lower than
the values in the relevant safety regulations. Immobilization
efficiency for all heavy metals was recorded to be > 95%.

These results indicate that the GBFS and FGDG blended
with MSWI FA as backfill material met the regulations for
strength and fluidity in mine backfill. Hydration products in
harden mortar could effectively immobilize the heavy met-
als, resulting in a safe range for heavy metal leaching.

Drying shrinkage

The hydration reaction and continuous evaporation of water
from mortars resulted in shrinkage. Shrinkage stress gen-
erated during the shrinkage process caused cracks in the
mortar, which reduced mechanical properties and dura-
bility (Yu et al. 2021). According to experimental results
discussed above, samples M70 and M90 had poor working
performance, and mechanical strength did not meet mine
backfill regulations. Therefore, drying shrinkage was only
evaluated for samples MO—-M50. The effect of MSWI FA on
drying shrinkage at different curing times was also inves-
tigated (Fig. 3). Results indicate that an increase in curing
time led to an increase in dry shrinkage due to the hydra-
tion reaction and water lost through evaporation. The results
also show that sample shrinkage was basically stable after
28 days, due to completion of the hydration reaction, the
number of hydration products and evaporated water tend to
be balanced.

Potential activity of GBFS in samples MO and M10
was inadequately stimulated due to insufficient MSWI FA
incorporation (Fig. 3), which in turn decreased the amount
of hydration products, resulting in a low rate of shrinkage.
The increase in MSWI FA content is favorable for shrink-
age because the potential activity of GBFS was gradually
activated and hydration of the cementitious system was
strengthened. These changes resulted in a decrease in the
overall specific surface area of the cementitious system and
an increase in sample pore structure, leading to a reduction

Table 1 Leaching test results

Sample Cu Zn Pb Cd As Ni Cr
for M0-M90 (mg/kg)
MSWI FA 2914.36 543.48 253.10 87.19 35.47 223.84 457.26
MO 0.28 1.59 0.17 0.07 0.23 1.71 1.90
M10 0.87 2.35 1.22 0.61 1.33 2.33 4.69
M20 1.02 5.68 1.57 1.26 1.55 3.66 9.71
M30 2.29 11.17 2.89 2.05 2.18 3.92 13.94
M40 2.66 11.26 3.33 2.51 2.92 432 18.52
M50 5.12 15.64 3.56 3.09 4.29 5.59 27.99
M70 8.34 19.27 5.15 3.81 5.60 7.03 38.55
M90 16.92 31.89 7.24 4.09 5.90 9.01 44.11
GB/T 14,848-2017 1000 1000 10 5 10 20 50
Average Ie (%)* 98.23 97.41 99.30 99.10 99.03 97.73 95.15

*Je immobilization efficiency

]
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Fig.3 MSWI FA content effect on dry shrinkage of backfill materials

in total sample volume. Sample M50 recorded strong water
absorption of MSWI FA which led to a decrease in the
amount of free water in the cementitious system. This in turn
decreased the mass ratio of water to cementitious material,
reducing the drying shrinkage (You et al. 2020).

Ratio of bleeding

Bleeding is a phenomenon whereby some water moves from
inside of the slurry to the surface during the standing process
after the slurry has been well stirred. This phenomenon is
unavoidable during backfill material preparation. An exces-
sive ratio of bleeding will result in structural and textural
defects of the backfill material (Ghourchian et al. 2016).
Controlling the ratio of bleeding of the backfill material is
therefore very important to ensure its working performance.
The impact of MSWI FA content on the ratio of bleeding of
backfill material is shown in Fig. 4.

The ratio of bleeding for samples M0-M30 gradually
decreased, and time taken to reach a steady state reduced
from 420 to 377 min. Combined with setting time experi-
ment results, this indicates that acceleration of hydration
reaction process due to blending a certain amount of MSWI
resulted in mortar cohesion and homogeneity. This reduced
the separation degree between the cementitious components
and water, thereby reducing the ratio of bleeding. In samples
M40 and M50, the degree of hydration reaction was very
weak due to the presence of only a few active components
producing a low amount of hydration products, resulting in
a loose structure. However, due to strong water absorption
of the MSWI FA, mortars were viscous with a small loss of
free water. This is associated with a ratio of bleeding less
than 0.1%, and the time needed for samples M40 and M50

| [—— MO
0.5 4

04

0.3

02

Ration of Bleeding(%)

0.1

0.0

0 100 200 300 400
Time (min)

Fig.4 MSWI FA content effect on the ratio of bleeding of backfill
material

to reach equilibrium sharply decreased to 253 and 150 min,
respectively.

Rheological properties

Rheological property results for samples M0O-MS50 indicated
that an increase in rotation speed resulted in a gradual increase
in shear stress of the rotor; mortar shear stress increased with
increasing MSWI FA content (Fig. 5). For sample MO, the
low activation of the potential activity of GBFS led to a weak
hydration reaction and few hydration products, which in turn
led to a loose structure. As a result, mortar had a low yield

400 |-

300 -

200 |

Shear stress T (Pa)

100 -

I 1
0 20 40 60 80 100 120
Shear ratey (S™)

Fig.5 Effect of the MSWI FA content on the rheological properties
of backfill material
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stress and plastic viscosity, as well as low resistance to the
rotor. For samples M 10-M40, the increase in MSWI FA con-
tent increased alkalinity of the mortar system, resulting in
gradual depolymerization of the GBFS surface which greatly
activated its potential activity. Hence, the hydration reaction
was greatly stimulated, resulting in an increased contribution
of hydration products. As a result, internal mortar structure
became compact and yield stress and plastic viscosity were
enhanced, improving the rotor resistance. For sample M50,
strong water absorption of MSWI FA increased mortar viscos-
ity, thereby notably increasing rotor resistance and shear stress.

By comparing shear rates and shear stresses of different
MSWI FA blended mortar, curves for all samples were found
to have an almost-straight line; thus, the fluid type of the
backfill material was determined to be a Bingham’s fluid. In a
Bingham fluid, rheological properties are calculated with an
equation containing two parameters, i.e., yield stress and plas-
tic viscosity (Eq. 5). The simulation of rheological parameters
for all samples is shown in Table 2.

T =T+ 1,7 3)

where 7 is shear stress (Pa); 7 is shear yield stress (Pa);
is plastic viscosity (Pa-S); and y is Shear rate (S~ b.

Table 2 Rheological parameter simulation results

Rheological parameter 7, 7y R?

MO 1.21 53.02 0.97143
MI10 1.38 57.84 0.99886
M20 1.63 59.16 0.99585
M30 1.70 64.99 0.99618
M40 1.80 94.02 0.98931
M50 2.58 94.86 0.98237

1-Gypsum 2-Friedel's salt
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5-C-S-H
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Fig. 6 XRD patterns of samples
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As shown in Table 2, plastic viscosity of sample MO was
1.21 Pa-s, and plastic viscosity of backfill slurry gradually
increased with the incorporation of MSWI FA. Compared
to sample MO, plastic viscosities of samples M10-M40
were 1.38 Pa-s, 1.63 Pa-s, 1.70 Pa-s and 1.80 Pa-s, recording
increases of 14.0%, 34.7%, 40.5% and 48.8%, respectively.
These results indicated that the incorporation of MSWI
FA promoted a hydration reaction, and the filling effect of
hydration products enhanced the internal friction between
solid particles, solid and liquid phases, and liquid phases
of the backfill slurry, which in turn increased its viscosity.
Plastic viscosity of sample M50 significantly increased to
2.58 Pa-s, which was 113.2% higher than that of sample
MO. This result is consistent with shear stress results in
the rheological performance test. This is due to the strong
water absorption of MSWI FA, which led to a reduction in
free water in sample M50. A substantial increase in friction
of internal components resulted in a significant increase in
plastic viscosity of the backfill slurry.

Hydration characteristics

As samples M10-M40 recorded optimal working ability,
they were used to study hydration characteristics.

XRD

XRD analysis was used to examine crystalline phases of the
samples. Diffractograms for the samples are shown in Fig. 6.

Under the action of OH™ in MSWI FA, depolymerization
of surface alumina and silica structures of GBFS occurred,
and a large amount of silicon-oxygen and aluminum-oxy-
gen tetrahedra were released in the pore solution, form-
ing [Ca,Al(OH)¢-2H,0]*. This compound reacts with the
SO,*™ to produce AFt or adsorbs chloride to form a Friedel’s

2 1-Sylvite 2-Gypsum
3-Halite 4-Friedel's salt

Intensity

10 20 30 40 50 60 70 80 90
20/(°)
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salt (Shi et al. 2017; Ren and Ling 2021), as shown in Eqs.
(6) and (7).

2Ca(OH), + 3CaSO0, - 2H,0 + AL O, + 23H,0

- 3Ca0 - ALO, - 3CaS0, - 32H,0  (AFy) ©)

2Ca(OH), + CaCl, + Al,05 + H,0 — 3Ca0O
-AL,O; - CaCl, - 10H,0  (Friedel’s salt) @
XRD results indicated that sample M 10 is mainly formed
of ettringite (AFt) as the hydration product due to the low
CI™ content (Fig. 6). However, due to weak alkaline condi-
tions in the cementitious system, activation of GBFS was
weak, the amount of ettringite was small, and a large pro-
portion of unreacted CaSO,-2H,0 and an amorphous phase
in GBFS were identified. Samples M20 and M30 recorded
an increase in the ratio of Cl‘/SO42‘, and transformation of
AFm into Friedel’s salt was obvious. This was confirmed by
an increase in intensity of the corresponding XRD peaks.
The AFm phase containing both C1~ and SO,*~ could also
be formed, as shown in Eq. (8).

4Ca™ + 2AI(OH), + SO} +CI™ +xSO;™ +40H™ + 6H,0
— 3Ca0 - AlL,O, - xCaSO, - 0.5(1 — x)CaCl, - 12H,0 (0 <x < 1)
®)
Owing to the small molecular size, CI™ can react with
[Ca,Al(OH)4-2H,0]" before SO42_. In sample M30, when
the solution had a sufficient concentration of C1~, chloride-
calcium aluminate phase (Friedel’s salt) was formed ear-
lier than the sulfate—calcium aluminate phase (ettringite).
According to the study from Wan et al. (2018), ettringite is
only formed when the amount of MSWI FA is < 10%. This
occurrence explains the formation of Friedel’s salt instead of
ettringite as the main hydration product in the sample M30,
as observed in the XRD pattern. In sample M40, however,
unreacted KCl and NaCl in the MSWI FA were identified
due to saturation of CI™ that could participate in the hydra-
tion reaction. According to XRD results, the increase in
MSWI FA content was favorable for the formation of hydra-
tion products which filled the pores of the samples. This
occurrence was supported by an increase in mortar strength.

FTIR

FTIR spectra of samples M10-M40 display vibration
bands depending on their chemical composition (Fig. 7).
The band at 3413.49 cm™! was attributed to asymmetric
stretching vibration of physisorbed H,O, and the band near
1620 cm™! was assigned to the bending vibration of lattice
water. These findings indicate that a product containing
crystal water was produced during the hydration reaction.
The band near 1435 cm™' may derive from a small amount

Transmittance

979.17
795.55

413.49
1116.92
538.05

3500 3000 2500 2000 1500 1000 500
Wavenumbers/(cm™)

Fig.7 FTIR analysis of samples

of CO,%~ generated by the reaction with CO, in air dur-
ing hydration. The band at 1117 cm™! was attributed to the
stretching vibration of S—O in sulfate ions, indicating the
formation of ettringite during the hydration reaction. The
incorporation of MSWI FA resulted in the decrease in inten-
sity of this band, proving a decrease in ettringite content.
This result is in accordance with XRD results. Bands at
979 and 560 cm™! confirmed the presence of AI-OH and
[AlO¢] octahedrons, respectively, indicating the formation
of ettringite and Friedel’s salt during the hydration reaction.
The band around 795 cm™' belongs to Si—O in the C—S—H
gel, although its intensity indicates the formation of a low
amount of C—S—H gel, consistent with XRD results.

SEM

SEM images from samples M10-M40 are shown in Fig. 8.
As shown in Fig. 8a, ettringite (A) was the main hydration
product in the cementitious system in sample M10 due to
the presence of few CI™ ions from raw materials. However,
due to weak hydration, the amount of ettringite was very
small. Sample M20 contained a higher amount of MSWI
FA (arrow in Fig. 8b), thereby favoring the hydration reac-
tion: two phases co-exist in the cementitious system (ettrin-
gite and Friedel’s salt; B), a finding that is in agreement
with XRD results. In sample M30, GBFS was fully acti-
vated. The cementitious system contained a large amount of
CI™, enough to consume [Ca,Al(OH)¢-2H,0]" released by
GBFS, producing a large amount of Friedel’s salt. In addi-
tion, ettringite gradually disappeared during the hydration
reaction. Morphology of Friedel’s salt was a hexagonal slice
with a size between 2 and 3 mm. According to the image
displayed in Fig. 8c, a small amount of C—S—H gel (C) can
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Fig.8 SEM images of different
samples. where, A: ettringite;
B: Friedel’s salt; C: C-S-H gel;
and D: NaCl and KC1

also be observed, ensuring a denser microstructure and
higher compressive strength for the backfill material. For
sample M40 (arrow in Fig. 8d), in addition to the generated
hydration products, the sample surface was covered by a
large amount of NaCl and KCl particles (D) due to excessive
Cl™ from MSWI FA (Qian et al. 2008).

Conclusion

In this study, feasibility of using GBFS and FGDG to solid-
ify MSWI FA to prepare cement-free backfill material was
examined. Results indicated that without adding cement or
other alkaline activators, OH™ in MSWI FA activated the
potential activity of GBFS, triggering the hydration reaction.
This reaction resulted in the use of solid waste to solidify
harmful substances in MSWI FA, providing a new method
for MSWI FA disposal. This method was also found to be
very cost effective for mine backfill. It was found that an
appropriate amount of MSWI FA (i.e., 20 and 30 wt%) in
backfill material improved its mechanical strength, fluidity
and rheological properties, as well as reduced its setting
time and ratio of bleeding while restraining drying shrink-
age. When MSWI FA content was >40%, internal homo-
geneity of the backfill material was poor due to its strong
water absorption, producing viscous mortar and reducing
the aforementioned workability of the backfill material. An
MSWI FA dosage of 30% resulted in the optimum perfor-
mance of the backfill material. Its compressive strength was
25.69 MPa after 28d curing, fluidity was 284 mm, and the

* @ Springer

final shrinkage rate was 9.31 x 107%; the final bleeding rate
reached 0.26% after 187 min. Water content of standard
consistency in sample M30 (19.8%) was the lowest among
all samples, and the initial and final setting times were 2.9
and 3.7 h, respectively. In the rheological performance test,
plastic viscosity of sample M30 was 1.70; shear stress and
yield stress reached 275.70 Pa and 64.99 Pa, respectively.
In addition, the concentration of heavy metal leaching was
lower than the relevant safety standard.

The hydration characteristics of pastes were analyzed
by XRD, FTIR and SEM. Results indicated that for sample
M10, insufficient MSWI FA incorporation resulted in the for-
mation of a low amount of ettringite by the hydration reac-
tion of SO42_ from FGDG and [Ca,Al(OH)4-2H,0]* from
GBFS. When MSWI FA was added, the alkaline environ-
ment improved the GBFS activity, the hydration reaction was
favored by CI™ from MSWI FA, and ettringite and Friedel’s salt
co-existed in the cementitious system. With a further increase
in MSWI FA content, almost all [CazAl(OH)G-ZHZO]Jr released
by GBFS reacted with CI™ rather than SO,*" to produce Frie-
del’s salt while ettringite disappeared. However, when the
MSWI FA content reached 40%, NaCl and KCI1 from MSWI
FA were also identified on the surface of backfill material due
to an excessive amount of C1™.

Results from this investigation indicate that mine backfill
material prepared using MSWI FA as cementitious material
to activate GBFS has a good level of performance. A large
volume of hydration products were also generated. This
method provides a low cost and superior performance for
cement-free mine backfill material.
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