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Fly ash (FA) showed low reactivity when being used to prepare the binder for cemented paste backfill (CPB). In the present work,
wet-grinding treatment was used to increase the pozzolanic reactivity of FA and promote its sustainable utilization. The results
showed that wet-grinding could be a suitable and efficient technology for FA pretreatment. Wet-grinding strongly modified the
structure of FA by decreasing the crystalline phase content and the binding energy of Si 2p and Al 2p, contributing to the increase
in pozzolanic reactivity of FA. The performance of CPB samples prepared by wet-ground FA was then optimized. This was
reflected by the acceleration in the sample setting and increase in the strength development. The compressive strength of the CPB
samples prepared by wet-ground FA for 120 min was increased by around 40% after curing for 28d compared with the

control samples.

1. Introduction

Coal is the most abundant natural mineral resources on the
earth, and it is also one of the main energy sources used by all
countries [1-3]. One of the main uses of coal is to burn coal
to generate electricity, which accounted for 72% of China’s
total power generation in 2015 [2]. Fly ash (FA) is the solid
waste produced by coal-fired power plants [4-6]. It is the
fine ash collected from the flue gas of coal combustion. FA
can cause great harm to ecological environment and human
health [7, 8]. On the one hand, a large number of FA
particles collected by electrostatic precipitators are stored in
the open air, occupying a large amount of land. On the other
hand, the FA contains V, Cr, Ni, Cd, Pb, As, Zn, Mo and Cu
and other heavy metals, which could cause serious pollution
to the land, water, and air environment and then endangers
human health [9-11]. Besides, fine FA particles are difficult
to be captured by the dust collector and directly discharged
into the atmosphere, becoming one of the main sources of
atmospheric pollution. The fine FA submicron particles have
a large concentration and usually contain a large number of

toxic metal substances, which stay in the atmosphere for a
long time. Once inhaled by the human body, it can penetrate
deeply into the human alveoli, causing serious harm to
human health. As a result, resource utilization of FA could
alleviate its harm to environment and human body and
balance the relationship between resources and
environment.

FA has a wide range of applications. At present, its main
technologies include manufacturing building materials
(including cement [12], concrete [13], geopolymer [14, 15],
road materials [16, 17], and engineering backfill materials
[18, 19], soil improvement [20], synthesis of porous mate-
rials [21, 22], and extraction of valuable metals [23]. Con-
sidering the potential pozzolanic reactivity of FA, utilization
of fly ash as pozzolanic material to replace part of cement has
been proved to be an efficient way of FA disposal [24]. The
addition of FA could modify the rheological properties of the
fresh slurry due to the “ball effect” resulting from the
spherical shape of the fly ash particles [25]. Besides, the finer
particles of FA can fill the voids among cement grains and
then increase the packing density and mechanical strength
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[26]. Durability of FA cement pastes and mortars in ag-
gressive conditions has also been reported. The resistance of
high volume FA cement pastes and mortars has been
monitored when attacked by HCI, Na,SO, solution, and sea
water [24]. The FA cement binder showed satisfactory re-
sistance to the aggressive solutions comparing to a com-
mercially available sulfate resistant cement reference [24].

Although some benefits from the utilization of FA as
cement additives have been reported, some negative effects,
such as delay of the setting time, have also been reported
resulting from the poor reactivity of FA [27, 28], although
the influence of FA is highly dependent on its characteristics.
As reported by Zeng et al. [27], the FA reaction extent is still
atalow level even after three months. Besides, negative effect
of FA on the strength development (especially at early ages)
and durability of FA cement was also reported. Obvious
reduction in the compressive strength before 28 d was no-
ticed even with low FA replacement [29]. The mechanical
and physical properties of mortars with and without fly ash
addition were investigated after being attacked by NaCl and
MgSO, solutions by Yildirim and Siimer [30]. The results
indicated that the increase in the FA content seemed to have
a negative effect on the mortar specimens. For example,
flexural and compressive strength of 20% FA replaced
mortar specimens cured in water, NaCl and MgSO, solu-
tions were higher compared with 50% FA replaced the
mortar specimens. For this regard, the replacement level of
FA in concrete is typically limited in the range of 15-25%
[31], which restricts the large scale utilization of FA.
Therefore, it is generally believed that reducing the particle
size of fly ash and improving the reactivity can promote the
recycling of FA in cementitious materials.

Cemented paste backfill (CPB) is one of the strategies for
the comprehensive utilization of industrial wastes [32].
During the process of CPB, ordinary Portland cement
(OPC) is the main cementitious materials, accounting for
approximately 70% of the total cost of CPB [33]. The high
cost of OPC clearly increases the total cost of mine pro-
duction. On the other hand, OPC production is considered
as an energy-intensive process with the large power con-
sumption, resulting in the emission of large amount of CO,,
which accounts for approximately 5-8% of the total CO,
emissions in the world [34, 35]. Thus, it is necessary to
prepare alternative binders with lower cost and CO,
emissions. Using supplementary cementitious materials
seems to be one of the commonly used methods to lower the
OPC utilization.

FA has been reported to be used in CPB. Liu et al. [36]
studied the consequences of temperature on the physical and
mechanical properties and microstructure of CGFB when
using FA in CPB at a mass ratio of cement: coal gangue: fly
ash of 1:2:5. The increase of curing temperature promotes
the early appearance of pozzolanic effect of fly ash. Higher
curing temperatures made early compressive strength of
CPB specimens increase, but later compressive strength
decreased due to the decrease of the bonding of the internal
structure due to the thermal damage [36]. Cavusoglu et al.
[18] studied the effect of sodium silicate as an accelerator on
early age mechanical and microstructure properties of
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cemented coal fly ash backfill (CCB). Sodium silicate was
found to accelerate setting time and strength of CCB. In
another study [37], the effect of water-reducing admixtures
on properties of CCB was studied. Admixtures enhanced
short- and long-term CCB strengths up to 33% and de-
creased the porosity. However, to the best of our knowledge,
there are few studies focusing on the effect of pretreated FA
on the properties of CPB samples. Mechanical refinement is
one of the most effective treatment technologies for in-
dustrial solid waste disposal [38]. After mechanical activa-
tion, the reactivity of the mineral particles is increased due to
the physical and chemical alterations [39]. Mechanical ac-
tivation could decrease the particle size and increase the
specific surface area and then increase the contact area
between the reactive substances [40]. Therefore, in the
present work, wet-grinding was used to pretreat FA with the
aim of increase its pozzolanic reactivity. The effect of wet-
grinding was evaluated via physical structure, mineralogical
modification, and dissolution behavior. The wet-ground FA
was used in CPB. The reaction kinetic, setting time, com-
pressive strength development, and pore structure of the
CPB samples were then investigated.

2. Materials and Methods

2.1. Materials. Two types of fly ash (FA) studied in the
present work were collected from Liaoning and Hebei,
China, respectively. The received FA was dried in an oven
under 105°C for 24 h. Ordinary Portland cement (42.5R)
produced by CR Cement Co. Ltd was used in the present
work. The chemical compositions of the cement are listed in
Table 1, measured via X-ray fluorescence (XRF). The specific
surface area of the cement was 334 m”/kg, measured using
the Blaine method.

2.2. Experiments

2.2.1. Mechanical Treatment of Fly Ash. The mechanical
treatment of FA was conducted using a wet-grinding
method by a vertical stirred mill. Zirconia ball was used as
grinding medium with a weight ratio of 10 mm:8 mm:
6mm:2mm=1:4:6:2. Zirconia balls, FA, poly-
carboxylate-based superplasticizers (PCE), and water were
poured into the mill after separately weighted with the ratio
of water/FA = 0.5, FA/grinding media = 0.5, PCE/FA = 0.3%.
The FA was then ground for 10, 30, 60, and 120 min using
the motor speed of 450 rpm. After reaching the designed
grinding duration, the balls were separated. The FA slurry
was then used for the following tests with no need to be
dried. FA was wet-milled for 10, 30, 60, and 120 min and was
labeled as FA10, FA30, FA60, and FA120, respectively. The
raw FA without mechanical treatment was named as FAOQ.

2.2.2. Dissolution Behavior. The ground dried FA samples
were placed into NaOH solution (0.10 mol/L) at a liquid/
solid ratio of 100 ml/g and stirred for 36 hours. The solution
was then filtered via a preweighed 0.2 ym nylon syringe filter



Advances in Civil Engineering 3
TaBLE 1: Chemical compositions of the cement (wt.%).

CaO AlL,O; SiO, MgO Fe,O Na,O K,O SO; MnO, P,05

58.23 6.84 25.65 5.29 2.77 0.19 0.16 0.79 0.05 0.03

at designed time intervals. The dissolved tailings can be
calculated as follows:

1_
M 100%, (1)

dissolved mass percentage =

where m is the weight of undissolved solid particles.

2.2.3. Pozzolanic Reaction. The method used in [41, 42] was
conducted to investigate the pozzolanic reactivity of FA. First,
FA, limestone, and portlandite were dry-mixed before NaOH
solution being poured into the mixture. The H,O/binder ratio
of 0.5 was used in this work. After mixing for 2 min, the paste
was poured into 20 mL centrifuge tubes and cured at 20°C
until the targeted ages. Table 2 shows the mix proportion.

2.2.4. Utilization of Wet-Ground Fly Ash in Cemented Paste
Backfill. To prepare the CPB samples, OPC was replaced by
FA of 40 wt%. The OPC, FA, and tailings were dry-mixed for
1 min before adding water. In the present work, the binder/
tailings ratio was 1/6, and the solid content was 72 wt%. The
mixture was then poured into cylindrical plastic molds with
a dimension of 50 mm in diameter and 100 mm in height
after blended for another 2min. The samples were then
sealed and cured at 20°C/95% R.H. for one day. After that,
the samples were demolded and cured at 20°C/95% R.H.
until designated curing ages. To study the reaction kinetic,
the paste without tailings addition was used, and similar
preparation procedure like the preparation of CPB samples
illustrated above was conducted.

2.3. Characterization Methods. The particle size distribution
of FA was tested via a Malvern Mastersizer 2000 in a range
from 0.02ym to 2000um using alcohol as dispersion
medium.

X-ray diffractometry (XRD) was used to identify the
phase assembles of the samples via a Shimadzu XRD-7000.
For the hydrated samples, the hardened samples were
crushed to <74 ym. After that, they were rinsed with iso-
propanol (A.R., 99.7%) and stirred for 1h for the reaction
stopping. Next, they were filtered and used for XRD analysis
after dried for 24 h under vacuum condition. The samples
were scanned in the range between 5 and 50° with a rate of 2°
per minute.

Thermogravimetric tests were carried out using a
thermogravimetry (TG)/differential thermal analysis system
(STA409PC). The heating temperature ranged from room
temperature to 1000°C using a heating rate of 15°C/min. The
tests were conducted under an atmosphere of high-purity
nitrogen.

Microstructure of the samples was observed with a
scanning electron microscopy system (Zeiss Gemini 300).
For the unhydrated FA samples, FA particles were uniformly

TaBLE 2: Mix proportion of the system for pozzolanic reactivity
tests (wt.%).

FA Portlandite Limestone NaOH H,O/binder
50 38 10 2 0.5

dispersed on a double-sided adhesive tape and coated with a
gold film to increase electrical conductivity. The microscope
was operated in the high vacuum mode, with an accelerating
voltage of 20kV.

X-ray photoelectron spectroscopy (XPS) analysis was
conducted using a Thermo ESCALAB 250XI XPS system
with a monochromatic Al Ka X-ray beam (hv = 1486.68 V)
having a diameter of 500 ym.

A TAM Air isothermal calorimeter (TA/TAM AIR-8)
was used to test the heat release during the hydration. The
method for slurry preparation was similar to that illustrated
in Section 2.2. After preparation, the slurry was immediately
transferred to the isothermal calorimeter for testing. The
recording duration was about 72h at 20°C.

The setting time of the composites was measured by the
depth of penetration of the Vicat needle into the composites
following the method in [43]. The compressive strength of
the composites was measured using the standard method
ASTM C39. Before testing, the top and bottom surfaces of
the cylindrical samples were ground flat for good contact
with the probe. The ultimate data was derived from the
average values of at least three samples.

The pore structure was analyzed by mercury intrusion
porosimetry (MIP, Autopore IV 9500). Crushed samples
with a size of 1-2 mm were used. Before testing, the crushed
samples were rinsed with isopropanol (A.R., 99.7%) as il-
lustrated previously.

A Brookfield RSR-SST rheometer was used to measure
the rheological parameters (i.e., yield stress and plastic
viscosity) of fresh CPB mixtures. The rotator was a four-
bladed vane type with a diameter and length of 20 and
40 mm, respectively. Rheological testing was performed after
pouring the prepared fresh CPB into the test cup following
the rheology protocol shown in Figure 1. First, the fresh CPB
slurry was homogenized via a preshear phase at 100s '
lasting 60 s. This was followed by a ramp-up (0 — 100s™")
and ramp-down (100 — 0s™") process conducted within
120 s after resting for 15s. The data were collected from the
descending stage.

3. Results and Discussion

3.1. Characterization of the Raw Fly Ash. The chemical
composition of the two studied FA is shown in Table 3. It was
clearly that the main compositions of both the two FA were
ALO; and SiO,, accounting for more than 80% of the total
content. This was in line with previous reports [44, 45].
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FIGURE 1: Schematic representation of the applied rheology protocol.

However, FA1 clearly contained more Al,O3; compared with
FA2, which contained higher amount of SiO,. More CaO
was detected in FA1, while FA1 contained more MgO. The
differences in the chemical composition could lead to the
various behavior when being used to prepared binders.

Figure 2 shows the microstructure of the two FA. The
shape of FA1 was irregular and mainly consisted of spongy
hollow vitreous particles with loose structure as shown in
Figure 2(a). FA2 was dominated by spherical particles. The
shape of the particles was reported to highly influence the
rheological properties of the slurry.

3.2. Mechanical Transformation of Fly Ash

3.2.1. Particle Size Distribution. The particle size distribu-
tion of FA before and after mechanical activated for 10 min,
30 min, 60 min, and 120 min is presented in Figure 3. Wet-
grinding strongly modified the particle size distribution. As
shown from Figures 3(a) and 3(b), only one main peak was
noticed in the particle size distribution curves of both FA1
and FA2, no matter the grinding duration. This was different
from our previous work about the particle size distribution
of mechanical activated coal gangue, where a typical bimodal
distribution was observed [38]. Besides, the peak of the
particle size distribution got narrower with the increase of
the grinding duration, indicating a more uniform particles
[46]. Figures 3(c) and 3(d) shows that the d10, d50, and d90
values of the two FA decreased with the increase of grinding
duration. These values did not show significant changes after
grinding for 60 min. At the same time, the specific surface
area (SSA) obtained from the particle size analysis data
gradually increased with the grinding duration: increase
from 1137m?/g to 2614m*/g for FAL, and 1331 m*/g to
2608 m*/g for FA2, respectively.

3.2.2. X-Ray Diffraction and X-Ray Photoelectron
Spectroscopy Analysis. The mineralogical structure changes
of FA resulting from wet-grinding are shown in Figure 4.

The XRD results showed that the main crystalline phases
were mullite and quartz. No new phases were identified after
wet-grinding, even after grinding for 120 min. However, the
intensity for quartz and mullite decreased after wet-grind-
ing. This was mainly caused by the sheer force and friction
between grains and grinding media, leading to plastic de-
formation of the particles and collapse of the crystalline
structure [47]. The reason why FA presented lower reactivity
under attacking of alkaline species was the high crystalline
content; thus, the reduction of quartz and mullite intensity
could then favor the enhancement of the reactivity of FA.

X-ray photoelectron spectroscopy (XPS) analysis was
used to investigate the surface characteristics of FA after wet-
grinding, and the results are shown in Figure 5. It was found
that the binding energy of both Si 2p and Al 2p in the two FA
decreased with the grinding time. A similar phenomenon
was reported elsewhere [46, 47]. The reduction in the
binding energy of Si and Al is beneficial to the increase in the
pozzolanic reactivity as it witnessed an easy breakage of
chemical bonds during reaction [46].

3.2.3. Dissolution Behavior of the Mechanically Treated Fly
Ash in Alkaline Solution. The reaction of FA under alkali
activation started from the dissolution of solid particles,
which is considered as the crucial procedure for the con-
version of the solid particles into available source material
[48]. The dissolution behavior also controlled the reaction
and properties of OPC/FA composites [38]. Thus, it is
necessary to make sense of the dissolution behavior of the
FA after mechanical activation. The dissolution behavior of
FA under alkaline environment was shown in Figure 6. The
testing results showed a parabolic trend, where the dissolved
FA increased with the dissolution time until around 20h at
far-from-equilibrium conditions. After that, the dissolution
reached equilibrium with only minor amounts dissolved.
This was in line with previous reports about the dissolution
behavior of other mineral particles [48, 49]. One difference
was that more time was needed to reach dissolution equi-
librium in this experiment. This could be attributed to the
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TaBLE 3: Chemical compositions of the raw FA.

Raw materials CaO  ALO; SiO, MgO

Fe,O Na,O

K,0O SO; MnO, P,0s SO TiO, ZrO, LOI

FA1 382  47.93
FA2 1.55

38.73 0.31 591 0.25
25.52 62.31 1.4 6.52 0.47

026  0.33 0.26 0.64  0.03 1.5 0.03 0.92
054 0.27 0.31 0.15 0.02  0.85 0.09 1.26

Date :15 May 2020
Time 10:39:20

I
Signal A= SE2
Mag= 4.00KX

EHT = 5.00kV
WD = 3.4 mm

EHT = 5,00kV
WD = 8.4 mm

Signal A= SE2
Mag= 200KX

Date :27 Jun 2016
Time 18:38:44

()

(®)

F1GURE 2: Microstructure of the FA: (a) FA1 and (b) FA2.

lower reactivity of FA compared with the materials used
elsewhere, such as calcined clay [48]. Both FAI and FA2
showed an increased trend in the dissolution rate after wet-
grinding. The faster dissolution confirms the enhanced re-
activity of FA after wet-grinding. On the other hand, FA2
clearly showed higher dissolution rate than that of FAI.

3.2.4. Pozzolanic Performance. Figure 7 shows the calo-
rimetry test results of the pozzolanic test. The heat release
during the pozzolanic was caused by the dissolution of FA in
alkaline environment with the formation of hydration gels.
The heat flow curves, as shown in Figures 7(a) and 7(b), were
different from that of the cement-based binders, mainly
resulting from the low reaction rate during the alkali acti-
vation process. Generally, wet-grinding increased the heat
release rate in both FAl and FA2, indicating that the
pozzolanic reactivity increased with the wet-grinding time.
This was in line with the dissolution tests’ results, which
showed that the dissolved FA increased with the mechanical
grinding duration. Besides, FA2 presented higher heat flow
rate than that of the FAI, suggesting a higher pozzolanic
reactivity.

Figures 7(c) and 7(d) show the total heat flow during
the pozzolanic reaction, and the cumulative heat flow
increased with the wet-grinding time. The raw FA
presented lower reactivity and witnessed a low total heat
release, reaching around only 23.19]/g and 39.04]/g for
FA1l and FA2, respectively. After wet-grinding for
120 min, the total heat release increased dramatically,
reaching 76.77]/g and 117.51]/g for FA1l and FA2,
respectively. This directly proves the effect of the wet-
milling process, where the pozzolanic reactivity of FA was
enhanced after wet-grinding. This could lead to more FA
dissolving (Figure 7) and taking part in the pozzolanic
reaction, contributing to more hydration heat release.

Thermogravimetry (TG) analysis was used to investigate
the constituent parts of the hydration products of the
pozzolanic reaction, and the results are shown in Figure 8.
The peak located between 50°C and 200°C was caused by the
decomposition of the C-S-H. This implied that mechanical
grinding did not modify the phase assembles of the hy-
dration products. Besides, it was clear that the intensity of
this peak increased with the grinding duration. This phe-
nomenon suggested that more FA participated into the
pozzolanic reaction, in line with the results of dissolution
tests. On the other hand, FA2 presented higher intensity of
this peak than that of the FAI, indicating that FA2 showed
higher pozzolanic reactivity than FAL.

3.3. Utilization of the Mechanically Treated Fly Ash in
Cemented Paste Backfill

3.3.1. Reaction Kinetics of the Pastes. The early reaction
kinetics of the binders used for CPB was studied by iso-
thermal calorimetric analysis. Figure 9 shows the calorim-
etry test results of the paste binders of FA-OPC used for
cemented paste backfill. Generally, four stages were noticed
in all the heat flow rate curves (Figures 9(a) and 9(b)), that is,
the initial, induction, acceleration, and deceleration stages.
Wet-grinding clearly promoted the binders hydration,
which was reflected by shortening the induction period and
the heat flow rate at the main peak. Table 4 summarizes the
kinetic data for the all the binders. For FA1, the ending time
of the induction period (t;) decreased from 8.22h to 7.68 h,
7.32h, 7.04h, and 6.86h when wet-grinding for 10min,
30min, 60 min, and 120 min, respectively. This was ac-
companied by the advance of the occurrence of the main
hydration peak, from 19.29 h to 17.93 h, 16.84h, 15.76 h, and
14.58 h, after wet-grinding for 10 min, 30 min, 60 min, and
120 min, respectively. At the same time, the maximum heat
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Ficure 3: Particle size distribution of (a) FA1 and (b) FA2; characteristic particle parameters (c) FAl and (d) FA2.

release rate increased by around 10.89%, 12.50%, 5.56%, and
6.02%, for FA1-10, FA1-30, FA1-60, and FA1-120, respec-
tively. All these suggested that the acceleration of cement
hydration. Similar trend happens in the FA2 samples.
Figures 9(c) and 9(d) show the cumulative heat release
during the binders’ hydration for 72h. It was clear that
mechanical grinding increased the total heat release in both
FA1 and FA2, as listed in Table 4.

The acceleration was attributed to two factors. For one
thing, the pozzolanic reactivity of FA was increased as il-
lustrated in Section 3.2.4 after mechanical activation. More
FA would participate into the reaction under the activation
of portlandite from the cement hydration. For another, the
fine particles of FA could act as crystal nucleus to reduce the
induction period and accelerate the hydration process,
which is known as the “nucleus effect” [50]. This was
consistent with previous reports, which indicated that the
application of superfine additives could accelerate the ce-
ment hydration, including synthesized C-S-H [51-53],

ferrihydrite nanoparticle [54], and SiO,, TiO,, and Fe,0;
nanoparticles [55]. The “nucleus effect” clearly increased
with the increase of grinding duration as more fine FA
particles would be produced under the mechanical milling,
as shown in Figure 3. This led to a more obvious effect on the
acceleration of the hydration process.

3.3.2. Rheological Properties. Rheological properties were the
important performance of fresh CPB [56], which affected the
pumping efficiency and mine production [57]. Thus, the rhe-
ological properties of the fresh cemented paste backfill were
tested, and the results are shown in Figure 10. As shown in
Figure 10(a), the yield stress increased with the wet-grinding
duration, suggesting that higher threshold amount of stress is
required to initiate flow. Comparing with the controlled
samples, after wet-grinding for 10 min, 30 min, 60 min, and
120 min, the yield stress increased by 48.01%, 38.94%, 26.91%,
and 4.49%, respectively. This negative effect of mechanical
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FIGURE 4: Phase assembles of FA: (a) FAl and (b) FA2 (M: mullite; Q: quartz).

grinding on the yield stress can be attributed to the combined
effect of the following mechanisms: the coupling effect of
particle packing density and specific surface area is the key to the
yield stress and plastic viscosity of CPB. On the one hand, the
increase of the packing density will increase the extra water
amount to form the water film; on the other hand, the increase
of the specific surface area will decrease the thickness of the
water film. Therefore, although the packing density of the
granular system increases due to the filling effect of fine grains,
the specific surface area also increases, and the net effect of these
two factors leads to the phenomenon in this paper; the poz-
zolanic reactivity was increased after mechanical activation, as
shown in Section 3.2.4. This led to promoted hydration process
with the formation of more hydration gels in a shorter time
compared with the controlled sample, resulting in increased
yield stress. This could be confirmed by the promoted hydration
rate in the calorimetry test results, as shown in Figure 9. Indeed,
an increase in hydration products and a reduction in free water
enhances the interfrictional resistance of the particle assembly of
the CPB, which in turn increases the yield stress [58].

The flowability of the fresh CPB is shown in Figure 10(b),
and it was clear that the flowability of both the samples
prepared with FA1 and FA2 decreased with the grinding
duration. For the samples with raw FAl addition, the
tflowability of the fresh CPB was around 25.6 cm. After wet-
grinding for 10min, 30min, 60 min, and 120 min, the
flowability decreased to about 23.7 cm, 22.1 cm, 20.2 cm, and
18.2 cm, respectively. The reduction in the flowability was
caused by the increased yield stress, as shown in
Figure 10(a). In general, to fulfill the requirement of
transportation to stopes by pumping or self-flowing, the
flowability of the fresh CPB slurry should be 19-27 cm [59].
The flowability of the slurry was slightly below the minimum

requirement for CPB when adding FA1 after wet-ground for
120 min.

As shown in Figure 2, FA2 was dominated by spherical
particles. The “ball effect” of FA2 particles contributes to
higher flowability. Although FA2 showed higher pozzolanic
reactivity, which can form more hydration gels in a shorter
time than FA1 and decrease the flowability, it is obvious this
factor has a minor effect. Thus, the physical properties of FA
showed a higher impact on the flowability of binders than
the chemical properties.

3.3.3. Setting Time and Compressive Strength. The setting
time and compressive strength, which determine the mining
process and safety, are another two factors influencing the
practical applications of the cementitious binders in CPB
[60-62]. The initial setting time and compressive strength
after curing for 28 d are shown in Figures 11(a) and 11(b).
The CPB samples using raw FA1 and FA2 showed a relatively
long initial setting time, reaching around 10.2h and 8.1h,
respectively (Figure 11(a)). Wet-grinding significantly
promoted the initial setting of the CPB samples. The re-
duction of the initial setting time was approximately 39.2%
and 33.3% when the FA was ground for 120 h. This phe-
nomenon was in line with the calorimetry test results, where
the reaction was promoted by the wet-grinding, leading to
faster formation of hydration gels. This would then promote
the samples setting. FA2 showed faster setting than FAI,
resulting from its higher pozzolanic reactivity, as illustrated
in Section 3.2.4.

Figure 11(b) shows the compressive strength of the CPB
samples after curing for 28 d. The compressive strength of the
CPB samples was low when using the raw FA, reaching around
0.87 MPa and 0.98 MPa, respectively, after curing for 28 d. This
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FIGURE 5: XPS analysis results:

was attributed to the relatively lower pozzolanic reactivity of the
raw FA, in line with previous reports about the FA-doped
cement [63]. After wet-grinding, the compressive strength in-
creased with the grinding time, reaching around 1.21 MPa and
1.36 MPa for FA1 and FA2, respectively, after grinding for
120 min. As illustrated in Section 3.2.6, the pozzolanic reactivity
increased after mechanical grinding, leading to more FA par-
ticipating in the reaction. Besides, more fine particles were
produced after grinding, which contributed to the reaction
process due to the more “nucleation sites.” Furthermore, the
finer particle could fill the voids during the hardening of the

Binding Energy (eV)
—— FA2-0 --- FA2-60
--- FA2-10 --- FA2-120
--- FA2-30

(d)
(a, b) Si 2p and (c, d) Al 2p.

cement, leading to more compact matrix. All these could favor
the strength development of the samples. During the reaction of
FA-cement, FA will dissolve under the alkali activation of
portlandite. FA2 clearly showed higher dissolution rate, as
shown in Figure 6. This will then contribute to the formation of
more hydration gels, favoring the strength development.

3.3.4. Pore Structure. The pore structure of the hardened
CPB samples after curing for 28 d is shown in Figure 12.
According to a previous report [64], the pores in the
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FiGUure 8: DTG analysis results of the hydrated samples after three days: (a) FA1 and (b) FA2.

hardened CPB samples could be divided into micropores
(<20nm), mesopores (20-500nm), and macropores
(>500nm) [65]. Mesopores were the dominant pores in
all the investigated samples. Besides, the mesopores and
macropores decreased with the wet-grinding time, ac-
companied by the increase in the micropores. This led to
the decrease in the total porosity. Generally, hydration
gels from the cement reaction fill interparticle voids,
leading to decreased porosity. The raw FA showed less
reactivity, leading to a lower content of hydration gels,

and thus higher porosity [66, 67]. This is one of the
reasons why the control presented the lowest strength.
The effects of wet-grinding can be ternary: finer FA
particles can fill the gaps of cement grains. This could
then refine the pore characteristics of the hardened
matrix. Second, the mechanically treated FA presented
higher reactivity, contributing to the generation of much
smaller hydration gels. Besides, the superfine particles
can also act as hydration nucleation sites, promoting the
cement reaction.
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TaBLE 4: Kinetic data for the all the composites.
Samples Rinax (mW/g) t; (hours) t, (hours) Cumulative heat release (J/g)
FA1-0 1.01 8.22 19.29 124.54
FA1-10 1.12 7.68 17.93 136.54
FA1-30 1.26 7.32 16.84 146.96
FA1-60 1.33 7.04 15.76 157.38
FA1-120 1.41 6.86 14.58 165.50
FA2-0 1.81 5.68 19.47 167.08
FA2-10 1.86 4.78 17.92 176.42
FA2-30 1.97 4.42 16.30 186.57
FA2-60 2.06 4.15 15.84 196.73
FA2-120 2.19 3.78 15.04 212.55

Rinax is the maximum heat release rate, t, is the ending time of the induction period, and ¢, is the time reaching the main hydration peak.
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FIGURE 12: Pore structure of the samples after curing for 28 d: (a) FA1 and (b) FA2.

4. Conclusion

The low reactivity of FA limited its wide utilization in
preparation of binder for cemented paste backfill (CPB).
In the present work, FA was mechanically activated via
wet-grinding with the aim of increasing its pozzolanic
reactivity. The effect of wet-grinding was also investigated
by dissolution and pozzolanic test. After that, the
properties of CPB samples prepared using wet-ground FA
was investigated. The results can lead to the following
conclusions.

(1) Wet-grinding could decrease the particle size of FA
to a more uniform distribution, with the increase in
the specific surface area. This was accompanied by
the content of crystalline phases in FA.

(2) The pozzolanic reactivity of wet-ground FA was
increased according to the dissolution and pozzo-
lanic tests. Wet-grinding promoted the dissolution of
FA under alkaline conditions; at the same time, more
hydration gels were formed during the pozzolanic
test.

(3) Mechanical activation of FA increased the yield
stress of the CPB slurry and then decreased the
followability. The microstructure of FA showed a
great impact on the rheological properties of CPB
slurry.

(4) Mechanical activation of FA promoted the fast
setting of the CPB samples. The reduction of the
initial setting time was approximately 39.2% and
33.3% when the FA was ground for 120 h.

(5) Compressive strength of CPB samples after curing
for 28 days increased by around 62.5% and 38.8%
when adding the mechanically ground FA1 and FA2
for 120 min.
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