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Abstract—In order to reduce the filling cost and improve
the coefficient of utilization of fly ash in coal mine filling paste,
the influence of desulfurization gypsum and quicklime on the
setting time and uniaxial compressive strength (UCS) of filling
paste with large quantity of fly ash were studied using the

control variable method, mechanical analysis, and other means.

The hydration products and microstructures of the filling paste
on corresponding age were analyzed by X-ray diffraction
(XRD) and scanning electron microscopy (SEM), and results
indicate the following: desulfurization gypsum can reduce the
setting time of fly ash-filling paste and quicklime plays an
important role in improving the late strength of fly ash-filling
paste. When the cement and fly ash ratio in the gelling agent is
1:6, 8% of desulfurization gypsum can reach filling paste
standards. When the quicklime is 4%, the strength
improvement has the best effect, but the setting time can’t
satisfy the filling paste standard, it can be meet the
requirements of the filling paste when 4% quicklime and 4%
desulfurization gypsum composite doped. XRD and SEM
analysis illustrated that the difference in the types of hydration
products and the amount of production at different times lead
to different properties of the filling paste. Calcium hydroxide
(CH) and a small amount of calcium silicate hydrate (CSH) are
the main ingredients in the early stage of hydration products,
filling paste activated by desulphurization gypsum generate
ettringite (Aft) provides strength in the early age. The main
hydration products of filling paste in the later stage are
hydrated calcium aluminate (CAH), hydrated calcium
aluminosilicate (CASH) and CSH.

Keywords—filling paste, fly ash, desulfurization gypsum,
quicklime, gel activity

. INTRODUCTION

In recent years, the technology of paste filling in coal
mine has been developed rapidly in the field of mining [1-3].
As an important part of paste filling in coal mines, paste
filling materials plays a vital role in mine safety production
and cost control. The reuse of solid waste, such as coal
gangue and construction waste, has made great progress [4-
5]. Therefore, more and more coal mining enterprises control
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the filling cost by adding fly ash. As an industrial waste
product, the vast majority of fly ash untreated and exposed
accumulations causes environmental pollution, constitutes a
waste of land resources, and poses significant risks to the
human population. As a part of paste filling materials, fly ash
has reduced its environmental pollution to some extent.
Usually, companies only use it as a mixture to mix in filling
paste [6-8], but ignore its potential gelling activity, thus
restricting the development of fly ash paste filling materials.

At present, people are gradually paying attention to the
activation of fly ash, but most of them are concentrated in the
cement industry, there little research has been done on the
coal mine paste filling materials. Activation of fly-ash
activity is stimulated by many causes, including physical
activation, chemical activation, thermal activation,
compound activation, and others [9-11]. Among these, the
high efficiency of chemical activation has been the concern
of many researchers, and many basic results have been
recorded [12-14]. Compared with cement, the content of
Ca0 in fly ash is much lower than it, and Ca?* is a necessary
condition for the formation of gelling hydrates, therefore,
many experts and scholars focus on the research of fly ash
activator on the extensive sources of desulfurization gypsum
and quicklime. Guo et al. [15] investigated the
microstructures of gypsum and fly-ash adhesive using XRD,
SEM, and pore structure analysis, which ultimately indicated
that desulfurization gypsum can significantly improve the
compressive strength and tensile bond strength of fly-ash-
cemented material. Mahdi et al. [16] adding desulfurization
gypsum into fly ash-cement materials, use isothermal
calorimetry, pH measurements, and other means, proved that
the addition of desulfurized gypsum can effectively improve
the uniaxial compressive strength of the concrete, and the
concrete PH is finally close to neutral. Ke et al. [9] analyzed
the principle of desulfurization gypsum’s effect on the
activity of a cement—fly-ash material theoretically, proved
that the addition of SO,* and the generation of Aft can
effectively improve the strength of Concrete. In their studies
of quicklime as an activator, Antiohos [17] and Adam et al.
[18] verified that the amount of lime can be used to control
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the cement—fly-ash slurry solidification time by strength tests
and results in an increase of its strength. By measuring the
compressive strength of the specimen, the early and late
compressive strength of quicklime to cement-fly ash
cementation has been studied, Singh et al [19] proved that
the quicklime can significantly increase the later strength of
the cement. S K Antiohos [20] et al use SEM to explore the
hydration products of cement-fly ash cementation after
adding quicklime, which proves that the quicklime can
increases the reaction rate of high calcium fly ash and has a
positive effect on the activity of low calcium fly ash. By
means of TGA and XRD, Diego F. V. and Cyril L. [21] et al
found that a certain amount of quicklime can enhance the
activity of fly ash and replace part of cement.

There are also studies showing that if the compound
activator is used rationally, its activation effect on fly ash is
better than that of individual activation. Tao [22] and Xu et
al. [23] used SEM and XRD to test the phase composition
and microstructure of the fly-ash-based adhesive after the co-
activation of desulfurized gypsum and quicklime, which
proved the adhesive's gelation and the density enhancement.
Li [24] and Sivapullaiah et al. [25] studied the apparent
density, strength, and water absorption of quicklime-
gypsum-fly-ash adhesive and found that different amounts of
desulfurized gypsum and quicklime have different effects on
the activation of fly ash. Zhu et al. [26] selected I and II
grade fly ash as full-tail-filling cementing materials and lime
and gypsum as an activator to replace all the cement and
explored the best ratio for tailings filling in the laboratory.

In summary, desulfurization gypsum and quicklime can
improve the gel activity of fly ash to a certain extent. The
filling paste of coal mine is different from concrete. The fly
ash in its material can be used as aggregate or cementing
material. However, at present, most coal mines usually use
fly ash as aggregate, and their gel activation is often ignored.
If the fly ash activity in the paste filling material can be fully
activated, this will reduce the amount of cement in the filling
material, so as to achieve the control of the filling cost.
Therefore, the fly ash is used as a cementing material in this
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article, based on mining requirements for filling paste, we
study the activation of desulfurization gypsum and quicklime
to improve the compressive strength of fly ash filling
material as well as setting times by using control variables,
mechanical analysis, and other means. The hydration
components of fly ash filling paste at different ages were
analyzed by XRD, We analyze the microstructure
distribution of cemented materials with a compound
activator using SEM in a specific timeframe, to explore the
fly-ash activity activation mechanism and provide technical
references for enhancing the strength of cement—fly ash-
filling material and improving the filling effect in coal
mining. And combined with SEM to observe its
corresponding micromorphology, so as to explore the
activation mechanism of fly ash in filling paste and provide
technical references for saving coal mine paste filling costs
and improving utilization rate of fly ash.

Il. EXPERIMENTAL RAW MATERIALS AND EXPERIMENTAL
METHODS

A. Experimental raw materials

(1) Coal gangue

Coal mine abandoned coal gangue is used in this study.
The coal gangue was broken and sieved with a 25 mm
square sieve, less than 25 mm is used as the aggregate for
filling paste.

(2) Fly ash

The fly ash was grade III type from a power plant in
Shandong, its appearance was grayish brown, screening with
45 pm square sieve, the remaining amount is 32%, And the
percentage of water requirement of standard consistency of
130%. From Table T, it can be seen that the content of SiO;
and Al;O; in fly ash is 46.84% and 28.25%, respectively,
which has potential gelation activity.

TABLE I. MAIN CHEMICAL COMPOSITION OF FLY ASH AND CEMENT (%)
Chemical composition CaO SiO, Al, O3 Fe,0; MgO Loss
Portland cement 62.58 22.95 5.32 3.90 2.33 0.40
Fly ash 8.13 46.84 28.60 4.01 1.79 12.73
The morphology of fly ash was analyzed by scanning
electron microscope. It was found that most of the particles
were irregular clastic, mainly sponge like vitreous bodies, (3) Cement

with little glass beads and uneven particle distribution. Fig. 1
showed the morphology of grade Il fly ash under scanning
electron microscope.

L - 2 ¢ = 5 (P4
(a) Magnify 1000 times (b) Magnify 2000 times
Fig. 1 SEM image of grade III fly ash with different magnifications

The cement was ordinary 32.5 Portland cement. The
main chemical compositions of both are shown in Table 1.

(4) Chemical activator

The chosen activator was desulfurization gypsum and
quicklime in this study. The main component of the gypsum
was CaSO4+2H,0 and the quicklime content of the CaO was
93%.

B. Experimental program

The main components of the filling paste are cement, fly
ash, coal gangue and water. In this study, in order to better
compare the stimulating effect of the activator on the fly ash
in the filled paste, the amount of fixed coal gangue is 60wt%
of the solids, the total amount of cement and fly ash is
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40wt% of the solids. The quality of the added activator are
4%, 8% and 12% of the total mass of fly ash and cement.

Advances in Engineering Research, volume 176

And the filling paste mass concentration is 74%. The
proportion of the mixture is shown in Table 1I.

TABLE Il COMPOSITION OF FLY ASH FILLING PASTE MATERIAL
Filling paste Cement | Flyash Coal gangue Activator Concentration
. 0%,4%
0, 0, ' ! 0
Proportion 40% 60% 8%,12%% 74%

Note: The activator is the percentage of the total mass of cement and fly ash

The experimental procedure was as follows:

(1) Mixing material: first, the weighing material was
poured into a NJ-160A cement paste mixer for mixing. After
mixing the material evenly, the required quantity of water
was added, and each sample of test material was stirred for
300 s.

(2) The setting time determination: after mixing was
completed, the setting time were determined immediately by
vicat apparatus according to the test method outlined in
China National Standard GBT1346-2001.

(3) Test block production: the remaining slurry was
poured into a paste mold and molded to form a 100 mmx>100
mm>100 mm filling paste block. The filling paste block was
numbered, put into standard curing box for conservation, for
better downhole simulation, the curing conditions were set to
a relative humidity of not less than 90% and a temperature of
25 C.

(4) UCS test: after a specified time, it was removed and
subjected to strength testing by YAW-400 pressure testing
machine. UCS test was repeated at least three times and the
average was considered as the UCS of the tested sample.

(5) XRD diffraction analysis: a small portion of the
sample was removed from the broken test block, and the
hydrated alcohol was terminated in the anhydrous ethanol.
After 24h, it was removed and dried, then grind, and
screened with a 74 pm sieves. The XRD diffraction
experiment was made with the part less than 74pum.

(6) SEM observation: after the strength test was
completed, the sample is stopped hydration, then cut into
small pieces and polished on the surface. The sample was
dried in a drying oven at 70<C for 2 hours and then vacuum-
sprayed on a small sample. The sample was observed with a
Hitachi S-4800 scanning electron microscope filling paste
test piece of the hydration products microstructure.

Experimental flow chart shown in Fig. 2
[Pas] [omps] [wane] [waen ]

L) -n.ur‘

Fig. 2 Experimental flow chart

I1l. EXPERIMENTAL RESULTS AND ANALYSIS

A. Optimal ratio of cement—fly ash composite cementation

Although an excessive amount of cement can provide a
very high strength of the filling paste, but it greatly increase
the filling cost. The high efficiency required by coal
production determines that the initial setting time of the
filling paste be generally no more than 4h, the final setting
time be 6-8 h, the 1d strength of the filling paste be not less
than 0.1 MPa, and the 28d compressive strength be not less
than 3.0 MPa. Therefore, we first explored the optimal ratios
of cement and fly ash in order to reduce the filling cost to
provide reference ratios. The amount of the fixed coal
gangue is 60wt% of the total mass in this study, optimal ratio
of cement—fly ash composite cementation experimental
design and results are shown in Table III.

TABLE III. EXPERIMENTAL DESIGN AND RESULTS FOR CEMENT—FLY ASH SYSTEM
Number Solid ratio Content of fly Content of Setting time /h UCS/MPa

Cement:fly ash ash coal gangue Initial Final 1d 7d 28d
01 0:1 40.0% - - - - -
02 1:0 0% 2.0 3.30 38 20.1 25.8
03 1:2 26.7% 2.38 6.50 0.62 3.15 5.65
04 1:3 30.0% 60% 2.73 6.75 0.54 2.95 4.75
05 1:4 32.0% 3.12 7.15 0.47 2.73 412
06 1:5 33.3% 3.50 8.25 0.38 2.67 3.59
07 1:6 34.3% 4.15 9.55 0.27 2.12 2.71

As can be seen from Fig. 3, cement has a very strong
gelling property, which can coagulation in a short time and
reach a certain strength. The initial and final setting times are

prolonged with increasing fly ash content on the fly ash
filling paste. Filling paste can’t be coagulation while cement
is completely replaced by fly ash. When the ratio of cement
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to fly ash content reaches 1:5, that is, when the amount of fly
ash in the filling paste reaches 33.3% of the total mass, the
final setting time of the system is more than 8 h, which is
slightly larger than the requirement for final setting time of
coal mining. It can be seen from USC, the fly ash itself does
not bond to produce strength. For the cement with different
fly ash contents, the compressive strength at the specified
time decreases with decreasing cement content in the gel
system. When the cement and fly ash content are in a
proportion between 1:2 and 1:5, the early-stage and late-
stage strengths of the filling paste are basically in accordance
with the requirement of coal paste filling. When the content
of fly ash is 34.3% (cement : fly ash=1 : 6), the UCS of the
filling paste test blocks at 28 days is 2.71 MPa, which has an
adverse effect on the backfill mining.

35 12

7 1d Y 7d [l 28d
—m— Initial setting time
—e— Final setting time ®

304

[}
[eS)

1
o

UCS/MPa
Setting time/h

\
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Fig. 3 Effect of fly ash content on setting time and UCS of filling paste
It can be seen from this experiment, when the content of
coal gangue is 60wt%, the content of fly ash less than
34.3wt%, and the mass concentration is 74%, filling paste
can basically meet the needs of mine safety production.
When no activator is added, considering that the cement and
fly ash ratio is 1:5, the final setting time of filling paste is
slightly larger than that of 8h, the ratio of 1:4 for cement and
fly ash can be selected as the best ratio. In order to reduce the
filling cost and avoid the waste of resources caused by
excessive strength, it can also meet the safety production of
the mine, and combined with coagulation time, an optimum
ratio of the content of cement and fly ash of 1:6 is used to
research the optimum amount of activator.

B. Effect of chemical activator on properties of fly ash
filling paste

The activity of fly ash in the filling paste is activated by
different activators, and the content of each component of the
filling paste remains unchanged, and the amount of its
activator and the experimental results are shown in Table IV.

From table 1V, the following conclusions can be drawn:
The effect of different activators on the fly ash filling paste is
different. The same activator but different dosage have
different effects on the properties of filling paste.

z z \
0% 26.7%  30.0% 32.0%  33.3% 343%  40.0%
Content of fly ash
TABLE IV. EFFECT OF DESULFURIZATION GYPSUM ON FLY ASH FILLING PASTE
Number CerST:Jel:i'rI:tIZsh cesaurizadr Coickiime | nita Settm?:/i:al 1d UCZM T 28d
g gypsum a
07 0% 0% 4.15 9.55 0.27 2.12 2.71
Al 4% 0% 3.85 8.75 0.31 2.35 3.05
A2 8% 0% 3.55 7.85 0.43 2.42 3.15
A3 12% 0% 4.25 10.45 0.40 2.28 2.89
B1 0% 4% 4.25 10 0.26 2.55 3.35
B2 1:6 0% 8% 4.55 10.25 0.25 2.57 3.15
B3 0% 12% 4.75 10.55 0.22 2.54 3.11
Cl 4% 4% 3.95 8.35 0.31 2.25 3.22
C2 4% 8% 4.35 9.55 0.40 2.35 3.02
C3 8% 4% 3.75 8.15 0.43 2.35 3.08
C4 8% 8% 4.25 9.75 0.52 2.58 3.12
@ Initial setting time 1 0% Desulfurization gypsum )
12 4 - . 9 . —A— 4% Desulfurization gypsum
I Final setting time —=— 8% Desulfurization gypsum
10.45 41 —e— 12% Desulfurization gypsum
=
< | '
£ g / *
l -
0 -

4%

8%
Content of desulfurzation gypsum

12%

1d 7d
Curing time

T
28d

Fig. 4 Effect of desulfurization gypsum content on fly ash filling paste
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It can be seen from Fig. 4 that desulphurization gypsum
has certain effect on the properties of fly ash filling paste,
especially in improving the setting time of filling paste. From
Fig. 4(1), it can be seen that when the content of
desulfurization gypsum is less than 8%, the setting time of
the filling paste is shortened with the increase of the amount
of fly ash. When the content of desulfurization gypsum is 8%,
the initial setting time of filling paste is 3.55h, and the final
setting time is 7.85h, all these meet the requirement of coal
production for filling paste setting time. However, when the
content of desulfurization gypsum is increased to 12%, the
initial time and final time of filling paste increased greatly,

Advances in Engineering Research, volume 176

compared with filling paste which not added desulfurization
gypsum, its final setting time increased by 9.4%, which is go
against to safe production of coal mines. It can be seen from
Fig. 4(2), after incorporation of desulfurization gypsum, the
UCS of the filling paste at various ages is relatively
increased. When the mixing amount of desulfurization
gypsum is 8%, the USC of filling paste test blocks in each
age reached the optimum value, and the strength can reach
3.15 MPa at 28 days. When the content of desulphurization
gypsum is 12%, its strength is relatively low at all stages. It
shows that the desulfurization gypsum has been overdose at
this time, this is unfavorable to the fly ash filling paste.

14

5 -
(1) U] Initial setting time —*— 0% Quicklime (2)
121 B Final setting time —A—4% Quicklime
—=—8% Quicklime
o 1025 10.55 41 —e—12% Quicklime
10 ,
=
2 ]
'g 84 < 3
j=2] =3 *
£ =
= 5 /
) 64 8 24 P
4.15
4
14
2 -
04
0- T T T
4% 8% 12% 1d 7d 28d
Content of quicklime Curing time

Fig. 5 Effect of quicklime content on fly ash filling paste

Fig. 5 shows the effect of quicklime content on the setting
time and UCS of fly ash filling paste. It can be seen from Fig.
5(1), with the increase of quicklime consent, the initial
setting time and final setting time of filling paste have been
greatly prolonged, and their final setting time is no less than
10h, which means that quicklime will have an adverse effect
on the setting time of filling paste, thus affecting the whole
filling. In terms of strength, the effect of quicklime on the
early-stage compressive strength of the filling body is not
significantly affected, but its late-stage compressive strength

is significantly improved. From Fig. 5(2), it can be seen that
after incorporation of quicklime in the filling paste, the UCS
of the filling paste test blocks are above 3Mpa at the later
stage, especially when the content of quicklime is 4%, the
UCS of 28d is increased by 15.1%. However, when the
content of quicklime is more than 4%, the UCS of the fly ash
filling paste decreases gradually, indicating that excessive
quicklime is not conducive to the development of the
strength of the fly ash filling paste.

14
(1) W27 Initial setting time 59 —*— 0% desulfurization gypsum and 0% quicklime (2)
124 _ N o |—a— 4% desulfurization gypsum and 4% quicklime
I Final setting time % —=u— 4% desulfurization gypsum and 8% quicklime
= 41—e— 8% desulfurization gypsum and 4% quicklime
104 9.55 9.55 >0 g 8% desulfurization gypsum and 8% quicklime
S 8 8.35 8.15 3 3 4
£7] 2 *
= § /
£ 61 S - *
3 §
o] 4 305 4.35 75 4.25 %
£1]
21 5
0 01
0% 4%+4%  4%+8%  8%+4%  8%+8% 1d 7d 28d
Content of desulfurization gypsum and quicklime Curing time

Fig. 6 Effect of compound activator content on fly ash filling paste

After the addition of desulfurization gypsum and
quicklime, effect of compound activator content on USC and
setting time for fly ash filling paste show in Fig. 6. From Fig.

6 (1), it can be seen that when the amount of desulfurization
gypsum added to the fly ash filling paste is greater than that
of quicklime, the setting time of the filling paste can be
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shortened. With increasing desulfurization gypsum content,
the initial and final setting times of the fly ash filling paste
are significantly less than that of the cemented quicklime.
When the content of desulfurization gypsum is 8% and the
content of quicklime is 4%, the final setting time of filling
paste is reduced by 14.7%. The strength of the adhesive is
not much higher than that of the single chemical activator,
but its late-stage strength increases greatly, reaching 11.4—
18.8%, compared with the addition of desulfurization
gypsum, the compound chemical activator increases the
later-stage strength. However, the amount of activator is not
the more the better. When the amount of desulfurization
gypsum and quicklime are 8%, the initial setting time and
final setting time are slightly longer, which is not conducive
to the safety of mine production.

The experiment shows that desulfurization gypsum and
quicklime have certain influence on the properties of fly ash
filling paste in a certain range of dosage. Desulfurization
gypsum can not only adjust the setting time of fly ash filling
paste, but also has a certain increase in strength. When the
content of desulfurization gypsum is 8%, it can meet the
performance requirement of filling paste for mines.
Quicklime can improve the uniaxial compressive strength of
fly ash filling paste at later stage, when its content is 4%, the
strength increases to get the best effect, but the setting time
does not meet the standard of filling paste. Therefore, it is
recommended that 4% of quicklime and 4% of desulfurized
gypsum be compounded to stimulate, so as to meet the
performance of the fly ash filling paste.

C. Microstructure analysis of fly ash filling paste

In order to explore the mechanism of the activation of fly
ash filling paste by desulfurization gypsum and quicklime,
we analyzed corresponding hydration products of fly ash
filling paste with no activator, 8% desulfurization gypsum
and 4% quicklime by X-ray diffraction (XRD). And use
scanning electron microscopy (SEM) to observe the solid
state of the specified age. The results are shown in the
following figures.

—— No activator

Hydration of 1 day 4% Quicklime

8% Desulfurization gypsum

Hydration of 7 days Sio,

CAH CSH

Hydration of 28 days .
sz csH cASH

CAH CSH

T T T T T T T T T T
10 20 30 40 50 60
2609

Fig. 7 XRD of hydration products in various ages of fly ash filling
paste under different activator

As shown in Fig. 7, the hydration products of fly ash paste
filling with different activators are obviously different. The
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hydration products of fly ash filling paste are mainly calcium
hydroxide (CH), hydrated calcium silicate (CSH) and
calcium aluminate hydrate (CAH) at 1 day. This moment, the
CH peak in the fly ash paste filling which added with
quicklime is obviously more than those in the other two
groups. While the XRD of the fly ash filling paste added
with desulphurization gypsum appears ettringite (Aft), and
its CH peaks are relatively weak, this shows that at this time,
a large amount of CH has been Participation reaction
involved generate new substances in the fly ash filling paste
which addition of desulfurization gypsum, this may be the
reason for its early strength enhancement. It can be seen from
Fig. 8 (@), SEM shows that many mineral phases and
crystalline phases are separated from each other in the fly ash
filling paste with no activator, and there is a certain gap. A
very small amount of acicular Aft appeared in the filling
paste test block that added with desulphurization gypsum, fill
in gaps of the filling paste test blocks. In the fly ash filling
paste mixed with quicklime, a large amount of flaky CH is
generated and interlaced with CSH.

¢. Hydrate for 28 days
Fig. 8 SEM images of different hydration times of fly ash filling paste

with different activator (a. Hydrate for 1 day, b. Hydrate for 7
day, c. Hydrate for 28 day)

When the fly ash filling paste hydrate for 7days, the CH
peaks in the hydration products of three groups of filling
paste test blocks obviously decreased. Among them, the CSH
and CAH peaks in the hydration products obviously
increased in the filling paste test blocks without activator and
the filling paste test blocks with quicklime. In addition, a
large amount of hydrated calcium alum inosilicate (CASH)
peaks appeared in the fly ash filling paste mixed with
quicklime. At this time, the Aft peaks in the filling paste
added with desulfurization gypsum increased, while the
CAH peaks decreased. As can be seen from Fig. 8 (b), at this
stage, the three groups of filling pastes test blocks began to
become dense. SEM shows that a large amount of CSH was
generated by the filling paste without activator, and a large
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number of acicular Aft was produced in the filling paste that
added with desulfurization gypsum, and the amount of CSH
produced in the filling paste which added with quicklime
was more than that of a group without activator.

When the hydration reaction proceeds to 28days, it can be
seen from XRD, the CH peaks almost disappeared, and no
new substances were produced in the hydration products of
the filling paste test blocks of each group, and the increase of
the existing substances also tended to be gentle. From Fig. 8
(c), it can be seen the internal structure of the fly ash filling
paste Hydrate for 28 days is more dense, and there is very
little void. At this time, the fly ash filling paste mixed with
quicklime has the best compactness. For filling paste that
added with desulfurization gypsum, a significant change is
that the production of acicular Aft is gradually reduced,;
however, various hydrates, such as CSH and CAH, have
become interwoven and coupled with each other to promote
the steady growth of late-stage strength of the fly ash filling
paste.

It can be seen from XRD and SEM, the hydration products
of fly ash filling paste in different periods have a significant
effect on the setting time and uniaxial compressive strength
of filling paste. An appropriate amount of desulfurization

Advances in Engineering Research, volume 176

gypsum can excite the active material in the fly ash, and
generate ettringite filled with the gel in the filling paste,
filling in the gap, and enhancing the early strength of the
filling paste. The appropriate amount of quicklime can react
with the active material in the fly ash to form the gel
products necessary to filling paste to provide strength.

D. Action mechanism of activator in fly ash filling paste

Through the above study, it is found that different
activators have different excitation effects on fly ash filling
pastes. The same activator and different mixing amount have
different effects on the properties of fly ash filling paste. The
stimulating effect of the activator on the fly ash filling paste
mainly depends on the excitation of the active material in the
fly ash.

Activated SiO; and Al;O3 in fly ash can react with CH
released from the hydration of cement and other clinker
minerals. In an alkaline environment, the Si-O and AI-O
bonds in the components are broken and the glass phase
gradually dissolves. The silicon oxide in the vitreous starts to
hydrate, producing a large amount of CSH, CAH and CASH,
which provides strength for the gel system. This involves the
following chemical formulas [27]:

Si0,+Ca(OH)2+H,0—Ca0 * SiO; * xH:0, )
Al,03+Ca(OH)2+H,0—Ca0 + Al,O3 « xH-0, 2
Al,03+Ca(OH),+2Si02+3H,0—Ca0 « Al,O3 « 2SiO; « 4H,0. 3)

The addition of desulfurization gypsum provides SO4>~
and Ca®* for the fly ash filling paste. Active Al,Os released
from the dissolution of fly ash and calcium aluminate hydrate
produced by hydration of cement clinker react to produce Aft
under the action of SO.*7, while providing strength and
consuming a large amount of AIO?™ and Ca?* in the adhesive.
The decrease of CH content promotes the hydration of CaO
and SiO; in cement clinker, so that the concentration of

adhesive CH is increased. This, in turn, facilitates the
dissolution of fly ash and the formation of Aft; these two
materials effectively promote each other so that fly-ash
activity is more likely to be fully activated and increase the
strength of the slurry. Therefore, Aft is a key factor in
increasing the early strength of filling pastes when the
activator is desulfurization gypsum. The main reaction is as
follows [28]:

AlO;—+Ca?*+OH—+S04*—3Ca0 Al,03; 3CaS04 32H,0. 4)

Excessive amounts of desulfurization gypsum will result
in the presence of hemihydrate gypsum in the fly ash filling
paste. In addition, with the continuous dissolution of fly ash
vitreous active Al.Os, the filling paste generates more and
more Aft, and since both substances are expandable, they are
produced in such high amounts that they cause a decrease in
the strength of the filling paste. When the mixing amount is
12%, Because of its excessive stimulation, a large amount of
Aft is generated, which leads to an increase in the internal
stress of the filling paste, and is not conducive to the strength
of the filling paste.

The type of hydration products of the fly ash filling paste
mixed with quicklime is the same as that of the filling paste
without additives. It can be seen from Fig. 8, the stimulation
effect of quicklime on paste filled with fly ash is manifested
in the amount of hydration products. Quicklime mixed with
filling paste after the rapid reaction with water to produce
CH provides Ca?* ions. In the early stage of the reaction,
formation of a large number of CH is not conducive to the
formation strength of filling paste, therefore, with the
increase of quicklime content, the setting time of filling paste
gradually increases. As the reaction progresses, the
continuous generation of CH provides an alkaline
environment for the activation of fly ash, and the glass phase

in the fly ash gradually dissolves, and the Si-O and Al-O
bonds in the active SiO; and Al;Os are broken, reacts with
CH to produce lots of CSH and CASH, which provides
strength, further promoting the fly ash activation process,
increase the late strength of filling paste.

IV. CONCLUSIONS

In this study, the effects of different contents of
desulfurization gypsum and quicklime, single doped and
double doped, on the properties of filling paste were studied.
The hydration products and microstructures of the filling
paste on corresponding age were analyzed by X-ray
diffraction (XRD) and scanning electron microscopy (SEM),
this is of great significance for saving the cost of coal paste
filling and improving the utilization rate of fly ash. The
following conclusions were drawn:

(1) Both desulfurization gypsum and quicklime can
stimulate the activity of fly ash, the desulfurization gypsum
can reduce the setting time of the fly ash filling paste, and the
quicklime plays an important role in the improvement of the
later strength of the filling paste.

(2) In the filling paste with ash material ratio of 2:3, the
ratio of cement to fly ash is 1:6, when the desulfurization
gypsum content is 8%, it can meet the performance
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requirements of mines for filling pastes; when the quicklime
content is 4%, the strength increases to get the best effect,
but the setting time does not meet the standard of filling
paste. Therefore, it is recommended that 4% of quicklime
and 4% of desulfurized gypsum be compounded to stimulate,
S0 as to meet the performance of the fly ash filling paste.

(3) It can be seen from XRD and SEM, the early hydration
products of the fly ash filling paste were mainly calcium
hydroxide (CH), with a small amount of calcium silicate
hydrate (CSH), in the filling paste mixed with
desulphurization gypsum, Aft was formed at the early stage
to provide strength for filling paste. The hydration products
in the late of filling paste are mainly calcium aluminate
hydrate (CAH), CSH and hydrated calcium alum inosilicate
(CASH).

(4) The effect of activator on the performance of fly ash
filling paste is mainly manifested by the amount of hydration
product. A suitable amount of activator can effectively
control the output of hydration products and improve the
performance of filling paste. And excessive activator may
result in failure of excitation.
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